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The goal of this dissertation is to study the basic physics and X-ray emission (1-10 
keV) of two X-ray sources: X-pinch plasmas and a clustered gas-puff irradiated by an 
ultrashort laser pulse. X-pinches and other typical X-ray sources using solid targets create 
hot debris that can damage sensitive equipment. Therefore, to perform sensitive 
backlighting or X-ray effects testing, debris-free sources of radiation must be investigated. 
In this work, the author presents a broad study of clustered noble gas puffs including 
characterization measurements and laser heating experiments using several gas nozzles and 
multiple gases. Ultimately, the goal is to compare the laser-irradiated gas-puff and X-pinch 
plasmas as X-ray sources. 
Characterization of the gas puffs is performed at the Radiation Physics Laboratory at 
the University of Nevada, Reno (UNR) Physics Department using optical interferometry 
and Rayleigh scattering to determine density and cluster radius. By changing the gas-puff 
variables control of both the density and cluster size of the gas jets is obtained. Two laser 
systems provide the high intensities desired for the laser-irradiated gas puff experiments: 
the UNR Leopard Laser (1-2x1019 W/cm2) and the Lawrence Livermore National 
Laboratory’s Titan Laser (7x1019 W/cm2). X-ray emission is studied as a function of laser 
pulse parameters, gas target type, gas puff density, and the gas-delay timing between puff 
initiation and laser interaction with the puff. The tested gases are Ar, Kr, Xe, and four 
mixtures of the noble gases. Time-resolved X-ray measurements are captured with Silicon 
diodes and photoconducting diamond detectors. Electron beam detectors include Faraday 
cups and a high-energy (>1 MeV) electron spectrometer. Modeling of spectra from X-ray 
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crystal spectrometers provides plasma density and temperature measurement and a 
molecular dynamics (MD) code describes cluster interactions with the laser pulse. The 
conversion of laser energy into X rays is also measured. Laser beam transmission through 
and absorption by the gas puff reveal the complexity of using laser-irradiated gas puffs as 
X-ray sources. A strong anisotropy of X-ray and electron emissions were observed at both 
laser facilities. 
X-pinch plasmas can provide intense hard X rays and strong electron beams originating 
from small sources with many applications. Recent research has been conducted into four-
wire X-pinches at the UNR Zebra machine, a 1-MA pulsed power generator. Two different 
wire materials are considered in this study, Ag and Mo. We observe a relatively linear 
correlation between load mass and implosion time for Mo X-pinches; in fact, this 
relationship also extends to include Ag. Interestingly, X-ray burst features drastically 
change in shape when the load mass is varied. Advantages of laser-irradiated gas puffs 
include a lack of damaging debris, high repetition rate, and ease of control. Its 
disadvantages include its inefficiency at converting electrical energy to X-rays, which is 
mostly limited by laser efficiency, and relatively low total energy yield. X-pinches, on the 
other hand, produced kJ of energy in a broad spectral region. However, they create a large 
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1 Introduction and Motivation 
The development of efficient and, ideally, debris-free X-ray sources with photon 
energies 1–20 keV (~0.6–12 Å) is important for high-energy density physics research at 
large-scale facilities like NIF and OMEGA [1]. This study is not only of academic interest, 
but might also lead to applications of novel X-ray sources for relatively low-energy (<15–
20 keV) X-ray effects testing and X-ray backlighting research. To maintain experiment 
purity, X-ray sources for such research should have maximum X-ray yield and at the same 
time generate minimum ion and electron beams and, especially, neutral solid micro-
particles and liquid droplet debris. Protection from ion and electron beams can be provided 
by the application of strong magnets that will deflect beams. However, neutral components 
can be stopped only with filters that will absorb a lot of X rays (especially in medium and 
soft spectral regions). Even modern solid targets consisting of flat surfaces coated with 
nanotubes generate a lot of debris in the form of solid microparticles and liquid droplets 
during the emission of X rays [2].  
Many different methods exist for creating such a source and among the most ubiquitous 
are laser-produced and pulsed-power plasmas, which will be the focus of this work. The 
Z-pinch class of plasmas is created by driving a large current through the z-axis of the 
machine, stripping electrons from atoms. Concurrently, the self-imposed 𝐽 × ?⃑⃑? force 
compresses the resulting plasma along the z-axis and creates a favorable environment for 
the production of X-ray radiation. In contrast, laser-produced plasmas on the university 
scale are generally not confined by a global force field, whether inertial or magnetic. Laser 
radiation can liberate electrons either through direct photon absorption or optical field 
ionization (OFI), where the laser electric field counteracts the binding potential of the 
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atoms, allowing electrons to tunnel out of confinement. In either case, once the initial 
plasma has been formed, X-ray generation can then be discussed. 
Though the creation method of these two plasmas is different, the general mechanism 
for X-ray production are the same. In high energy density plasmas (HEDP), inner-shell 
electrons can become liberated from an atom’s binding potential by gaining energy from 
photon absorption or collisions in the plasma. When this vacancy is filled by an electron 
from a higher energy state, a photon is emitted with energy equal to the level difference 
which, in the case of X-rays, is at least 1 keV. Hence, X-ray production relies on creating 
these inner-shell vacancies. Specifically, this work explores clustered noble gas-puff 
plasmas generated with a high-intensity, sub-picosecond laser pulse (>1019 W/cm2) as an 
X-ray source compared to 1-MA X-pinches. Laser-irradiated gas puff studies took place at 
the University of Nevada, Reno (UNR) Leopard Laser and the Lawrence Livermore 
National Laboratory (LLNL) Titan Laser. The UNR Zebra Generator was used to create 
the X-pinch plasmas.  
Cluster formation in supersonic gas jets provides the advantages of a gaseous target in 
tandem with near solid (~1022-23 cm-3) local density within the clusters [3], [4]. Laser 
radiation can propagate through the gas puff while being efficiently absorbed by atoms in 
the clusters [5]. Clustered gas puffs have been studied as an alternative to solid targets for 
laser-plasma studies due to their inherent lack of debris. Importantly, short-pulse laser 
beam interaction with laser-irradiated gas-puff plasmas can produce short X-rays bursts (1-
20 keV), suitable for many applications. It has been demonstrated in the past that when a 
sub-picosecond or femtosecond laser irradiates clustered Ar [6], [7], Kr [4], [8], [9], Xe 
[10]–[12] or mixtures like Kr-Ar [13], [14] or Xe-Kr-Ar [15], [16], X rays with energy 1-
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10 keV are emitted. These laser-irradiated gas puffs have been evaluated for hot electron 
production [17]–[19], high harmonic generation [20], [21], and laser self-focusing [22], 
[23] in addition to soft and hard X-ray generation [13], [24], [25]. Additionally, the 
characteristics of the gas jet are highly dependent on the type of nozzle used [26]–[28]. 
Characterization of the cluster size and density of the gas jets is imperative to 
understanding the processes of X-ray generation in laser-gas jet plasmas [5], [29], [30].  
X-pinches are a variation on the typical Z-pinch where the electrode gap in the pulsed 
power generator is spanned by a load which has a small crossing point rather than a parallel 
wire or foil array and have been extensively studied on the Zebra Generator [31]–[34]. 
Especially on lower current machines (< 1 MA), X-pinches provide an attractive X-ray 
source due to the emission’s short X-ray pulses, high intensity, and nearly point-like size. 
Many types of X-pinch loads have been studied including multi-wire [35], foil [36], [37], 
hybrid [38], [39], and asymmetric [32], [33], [40], [41]. Common applications include use 
as an X-ray backlighting [42]–[44] and HEDP source [45] and for studying jet formation 
for astrophysical research [46], [47]. 
The structure of the dissertation is the following. Chapter 2 introduces important 
terminology and theoretical background on laser-irradiated gas-puff and X-pinch plasmas 
relevant to this work. The facilities where the experiments took place are detailed in 
Chapter 3. Descriptions of the gas-puff nozzle system, X-pinch loads, and the diagnostics 
implemented during experiments lie in Chapter 4. This includes introductions to optical 
diagnostics including interferometry and Rayleigh scattering to determine the important 
gas-puff parameters density and cluster size. Additionally, the use of X-ray and electron 
detectors, imagers, and spectrometers for plasma diagnosis are explained. 
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Chapter 5 presents gas-puff density and cluster radius, the gas-puff parameters, as 
measured through interferometry and Rayleigh scattering. Three nozzles (linear, conical, 
and tube) and a total of seven gases (Ar, Kr, Xe, and mixtures of the three) are compared. 
Control over the gas-puff parameters comes from nozzle type, gas type, gas valve backing 
pressure, and a variable termed the gas delay timing.  
Laser-irradiated gas-puff and X-pinch plasma characterization is presented in Chapter 
6, beginning with the gas puffs. Gas-puff X-ray emissions from experiments at the Leopard 
and Titan lasers are compared as a function of both gas-puff variable and laser parameter 
including: gas delay timing, gas type, nozzle type, laser pulse contrast, and position of the 
laser focal spot within the puff. These emissions are characterized using X-ray 
photodiodes, pinhole cameras, and spectrometers with additional diagnostics for electron 
beam detection. Molecular dynamics modelling provides theoretical support to the 
observations. Anisotropy of X-ray radiation is also explored.  
Chapter 6 also investigates four-wire Mo and Ag 1-MA X-pinch plasmas using similar 
diagnostics to those listed above. Implosion timing and the conversion of electrical energy 
into X-ray radiation are presented. A comparison of laser-irradiated gas-puff and X-pinch 
plasmas as X-ray sources is presented and, finally, the main body of this work concludes 
with a summary in Chapter 7. 
2 Theoretical Introduction to Laser-irradiated Gas-puff and X-
pinch Plasmas 
2.1 Gas-puffs Plasmas as Laser Targets 
Spontaneous condensation of gas into clusters occurs due to density fluctuations in a 
supersaturated gas [48]. The random thermal energy is converted to the directed kinetic 
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energy of a gas puff, reducing the temperature of the puff and producing clusters of atoms 
bound by van der Waals forces. Saturation at higher densities, due to higher pressure or 
lower temperature leads to higher condensation rates and, therefore, larger clusters. Gases 
with higher boiling points and specific heats also tend to produce clusters more efficiently 
[3]. As a whole, the clustered gas-puff target is considered to be a two-phase medium, 
consisting of a continuous gas phase and a discrete condensed phase in the clusters [3]. 
Typically, in high pressure (a few atmospheres) gas puffs with average densities of around 
1019 cm-3, clusters are formed with diameters of several tens of Å, and 103– 104 particles 
per cluster. Intra-cluster density, therefore, is nearly on the order of solids at ~1022-23 cm-3. 
Upon laser irradiation, the cluster lifetime 𝜏𝐶 is limited to 10–100 fs by hydrodynamic 
expansion or Coulomb explosion. Most of the early experiments on the investigation of 
ultra-short laser pulse interaction with clustered gas puffs were performed with conical 
nozzles [4], [8], [49], [50]. 
Plasma is formed when the target (cluster or gas) is ionized by laser radiation via optical 
field ionization and/or collisional ionization [24]. The latter is negligible for the general 
gas puff due to their low average density (~1019 cm-3), but is important for clusters due to 
the high background plasma density within the cluster. Clusters and gas puff share common 
features, but clustered gas puffs are better suited to efficient laser absorption and plasma 
heating than non-clustered gases due to some unique properties and dynamics. Both form 
low-density plasma, but the clusters are initially at near solid density, meaning they absorb 
laser radiation with high efficiency and leads to the creation of a high-density plasma (ne 
~1023-24 cm-3). Cluster explosion due to Coulomb repulsion converts it back into low-
density plasma, but the short-lived intermediate state (as a cluster) is crucial.  
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2.1.1 Photoionization of Plasmas in Strong Laser Fields 
Laser heating and X-ray generation within gas-jet plasma is a complicated process 
involving both atomic and collective effects. On the atomic level, photoionization of the 
atoms is primarily accomplished through two processes, both illustrated in Figure 2.1: 
optical field ionization and the absorption of single or multiple laser photons by bound 
electrons [51]. In OFI, the laser pulse is treated as a quasi-stationary electric field and 
allows electrons to tunnel through the energy barrier, ionizing the atom. Direct absorption 
of one or more photons (multiphoton ionization) can vertically excite bound electrons into 
the conduction band of the clusters, called above threshold ionization. Multiphoton 
ionization and OFI dominate at different laser intensities and the demarcation between the 
two regimes is denoted as the Keldysh parameter [52]. 
 





The Keldysh parameter serves as the signal for whether the laser field can be treated 






where 𝐼𝑝 is the ionization potential of a given electron in the atom and 𝑈𝑝 is the 
ponderomotive potential. The ponderomotive potential is the cycle-averaged kinetic energy 
of electrons subject to an electric field which, in practical units, is 




for laser intensity 𝐼𝑙𝑎𝑠 in W/cm
2 and wavelength 𝜆 in μm. When 𝛾𝑘 ≫ 1, i.e., the laser field 
is weak compared to the binding energies of the atoms, plasma ionization is dominated by 
multiphoton absorption. For sufficiently large laser intensities, 𝛾𝑘 becomes less than or 
equal to one and ionization enters the OFI dominated regime. Alternatively, this can be 
described as when the tunneling time of electrons becomes larger than the laser pulse 
length. 
For 𝛾𝑘 ≤1, strong field physics governs laser-plasma interactions in this parameter 
space (high laser intensities of >1018 W/cm2). The ponderomotive potential of both the 
Leopard and Titan Lasers is on the order of 1 MeV, and even for K-shell Xe with the largest 
ionization potential of 34 keV, 𝛾𝑘 is still much less than one. This affirms that the gas-puff 
plasmas and laser interactions explored in this work are in the strong field regime. The 









= 4 × 109𝐼𝑝
4𝑍−2 
Equation 2.1.3 
where Z is the charge state created in the ionization and 𝐼𝑝 is in units of eV to give 𝐼𝐵𝑆𝐼 in 
W/cm2. For Ar+10, 𝐼𝐵𝑆𝐼 comes to 5x10
18 W/cm2 while Kr+34 requires 1021 W/cm2. This 
implies that at the intensities reached at the Leopard and Titan Lasers, Ar atoms could be 
fully stripped through purely OFI, but Kr cannot.  
2.1.2 Clustered Laser-irradiated Gas-puffs in the Strong Field Limit 
Electronic structure in laser-irradiated gas-puff plasmas can be quite complicated. The 
electrons in the clusters can be considered bound, quasi-free, or continuum. Bound 
electrons in the cluster have the same definition as those in atoms, i.e., they are bound by 
the electric potential of individual atoms. Quasi-free electrons, however, do not have a 
monomer (single atom) analogue. Electrons are considered quasi-free when they have been 
ionized from the atom, yet still reside within cluster bounds. Continuum electrons are those 
that have escaped completely from atom and cluster and are truly free. These three binding 
definitions then lead to two possible ionizations in the plasma: inner and outer. Inner 
ionization occurs when an electron transitions from the bound state to quasi-free, remaining 
in the cluster. Electrons have undergone outer ionization when they become excited to the 
continuum and have left the cluster. Inner ionization increases the charge levels of the intra-
cluster atoms, while outer increases the charge of the entire cluster. Due to Coulomb forces, 




Figure 2.2 Atomic binding potentials within clusters. Figure from Ref. [53]. 
Inner ionization occurs via both collisional and optical processes. Optical processes 
include OFI and multi-photon ionization and were discussed in Section 2.1.1. However, 
clusters can enhance the effects of OFI. In addition to the atomic barrier suppression by the 
laser pulse’s electron field, the barrier is also lowered by the proximity of neighboring 
atoms in the cluster Figure 2.2. In the case of collisional ionization, quasi-free electrons 
reside inside the cluster, where frequent collisions further ionize and heat the plasma. These 
collisions can induce inner shell vacancies in gas atoms, leading to K-shell emission in 
lower Z atoms like Ar. Collectively, inverse bremsstrahlung, collisions between excited 
electrons and ions, drive a strong heating of the plasma [5].  
The high local density of the gas clusters increases collisional cross-sections, making 
these processes particularly important in clusters compared to plasmas with typical gas 


















√1 − 𝐾𝑒 2𝑈𝑝⁄
𝑑𝐾𝑒 , 
Equation 2.1.4 
where 𝑛𝑒 is the electron density, 𝑎𝑖 is a constant equaling 1.1x10
-37 cm2erg2, 𝑄𝑖 is the 
number of outer shell electrons in the ion, and 𝐾𝑒 is the kinetic energy of the quasi-free 
electrons. For most clusters with density on the order of solid, this collisional ionization 
rate can exceed tunneling ionization rates [24] and produce charge states higher than those 
observed for single atoms at similar laser intensities [56]–[58]. 
Cluster outer ionization is accomplished via laser radiation or electron heating. In 
sufficiently large laser electric fields 𝐸0 where 𝐸0 ≫ 𝑒𝑄𝑐𝑙𝑢𝑠𝑡𝑒𝑟 𝑅𝐶
2⁄  and the number of 







where 𝑅𝐶 is the cluster radius and 𝜔𝑝 is the plasma frequency. For the plasma and laser 
conditions in this work, 𝑄𝑐𝑙𝑢𝑠𝑡𝑒𝑟 is estimated to be <10
7 and, with 𝑅𝐶 in the tens of nm, 
indicates that outer ionization of our clusters is dominated by laser ionization. On the other 
hand, electrons can also be heated to energies sufficient to escape the binding potential of 
the cluster. However, this is a negligible effect for the plasmas in this work. 
Experiments with the clustered gas puffs began with pure noble gases. However, 
interest in using mixtures of Ar, Kr, and Xe gases was shown. Cluster-formation efficiency 
and ionization are known to increase [13], [14], [16], [59], [60] with the addition of a lighter 
carrier gas (Ar) to heavier, more easily ionized atoms (Kr and Xe). The initial idea about 
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increasing the X-ray generation efficiency of the laser-irradiated gas puffs was based on 
the possibility of improving the cluster ionization efficiency and, consequently, the X-ray 
yield from laser irradiated gas jets by adding easily ionizable seed atoms (Kr and Xe) to 
the lighter carrier gas (Ar). First, clusters formed from Kr or Xe in the mixed gas puffs may 
have higher starting electron density 𝑛𝑒 compared to pure gases due to the lower ionization 
potential of outer electron shells of Kr and Xe compared with Ar. Second, the characteristic 
line emission of the gas mixtures will cover a broader spectral range compared to pure gas 
puffs. And finally, the internal degrees of freedom of the heavier seed gas are cooled by 
the carrier gas, promoting more efficient clustering in the seed gas [59], [60]. 
2.1.3 Self-focusing of Laser Radiation in Plasmas 
The dynamics of a laser beam propagating in a medium are highly dependent on the 
refractive index of said medium. Any laser-based experiment relies on changes in the index 
of refraction between air or vacuum and optical components to focus laser beams and other 
radiation. In fact, lasers themselves must be designed with thought to the correct index of 
refraction for the gain medium. Experiments with the non-linear process of laser beam self-
focusing [61] when laser beam propagates through the linear gas puff are possible and of 
interest due to previous studies that indicate harder X-ray emission with observation of 
self-focusing [62].  
When laser radiation propagates through a medium, it interacts with it and these 
interactions can affect the refractive index. This causes the laser beam to experience a 
focusing or defocusing effect due to its own impact on the medium. Evidence of focusing 
(whether due to self-focusing or neutral material effects) will be apparent if the Rayleigh 
length of the laser beam is exceeded. Along the laser propagation direction, the distance 
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between the location of the beam waist, 𝑤0, and √2𝑤0, i.e. the distance it takes the area of 







where 𝜆 is the laser wavelength. 
The driving mechanisms behind self-focusing in plasmas are due to thermal, 
ponderomotive, and relativistic effects. Thermal self-focusing in plasmas occurs in 
collisional, usually cold, plasmas. Collisions in the plasma and interactions of the plasma 
with laser radiation cause the temperature to rise, hydrodynamically expanding the region 
[63]. This expansion induces an increase in the index of refraction of plasma which then 
acts as a positive lens, focusing the laser beam radiation. For a plasma with electron density 
𝑛𝑒 = 10
14 cm-3, λ = 20 cm, and T = 1 eV, the threshold laser power to reach thermal self-
focusing is very low, on the order of 103 W. However, once laser intensity increases to high 
energy density physics regimes, new mechanisms begin to take over. 
Ponderomotive and relativistic self-focusing in plasmas are often treated together 
because even in the relativistic case, ponderomotive effects are significant. When an 
intense laser beam interacts with a plasma, the ponderomotive force 𝐹𝑃⃑⃑⃑⃑  expels electrons 






where 𝐸 is the electric field of the laser beam. The displacement of electrons creates a 
restoring force that, in turn, pushes ions away from the local high intensity of the beam. 
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This density perturbation reduces the electron density of the plasma in regions of higher 
radiation intensity, increasing the refractive index and focusing the beam inside the plasma 
[64]. 
In an early study on ponderomotive self-focusing [65], the authors derived an 
expression for the critical power needed to begin ponderomotive self-focusing:  
𝑃 ≥ {
1.46 × 106 ∗ 𝑇
5
4⁄  𝑓𝑜𝑟 𝜔𝑝 ≤ 𝜔 𝑎𝑛𝑑 𝑇 ≥ 10𝑒𝑉
1.15 × 104 ∗ 𝑇 𝑓𝑜𝑟 𝜔𝑝 ≪ 𝜔
. 
Equation 2.1.8 
Assuming a plasma temperature of 300 eV (measured in our experiments) indicates a 
threshold ponderomotive power of 1.82 GW, well below that produced by the Leopard and 
Titan lasers. The other necessary condition for ponderomotive self-focusing is that the 
beam diameter must be larger than the plasma Debye length. This implies that in all laser 
produced plasma experiments with powers of >1 MW self-focusing occurred [65]. 
However, current high energy density laser experiments can reach several orders of 
magnitude higher power. Hence the onset of relativistic laser self-focusing. Note that even 
at these large laser intensities, ponderomotive effects are not negligible since the 
pondermotive force increases with the gradient of laser intensity [66].  
The relativistic mass increase of electrons under the influence of a strong (~1018 
W/cm2) [67] electromagnetic field decreases the plasma frequency, which induces a change 
in the refractive index of the plasma, 𝑛′, according to [68] 







where 𝜔𝑝 is the relativistic, corrected plasma frequency given by 𝜔𝑝 = √
𝑛𝑒2
𝛾𝑚𝜖0
 with 𝑛 as 
the plasma electron density, 𝛾 as the Lorentz factor, and 𝜖0 is the permittivity of free space. 
The higher the intensity of the laser, the higher the quiver velocity of the electrons in the 
plasma, leading to a further increase in the index of refraction. The threshold power for 
relativistic self-focusing was found [66] to be 

















When the power of a laser beam propagating in an underdense plasma exceeds the critical 
power and has a frequency greater than the plasma frequency, relativistic self-focusing 
occurs [69], [70]. For laser and plasma parameters presented in this work, the critical power 
is 6 GW, again, easily reached by modern high-intensity lasers.  
2.2 X-pinch Plasmas 
2.2.1 Stages of the Z- or X-pinch 
The Z-pinch is a magnetically confined plasma generation method that is a direct 
product of the Lorentz force. Generally, a capacitor bank is held at a high voltage and then 
discharged quickly through a load spanning a set of electrodes known as the anode and 
cathode. Various load types are used to provide material for ionization such as wires, foils, 
thick bars, gas puffs, and even laser ablation plumes. This work focuses on wire X-pinches; 
however, the general theory of this section will be addressed for the more common 
cylindrical or planar wire arrays in which thin parallel wires are strung between the anode 
and cathode. W. H. Bennet performed the first implementation of the Z-pinch in 1934 [71] 
by studying the equilibrium flow of charged particles. As the strong current flows through 
the load, electrons are stripped from the wires to form the initial plasma column 
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surrounding a cold core. For single wires and arrays of wires, the 𝐽 × ?⃑⃑? Lorentz force draws 
charges at the outside of the current flow towards the central axis, creating the plasma pinch 
about the z-axis. If multiple wires are used, the ablated mass of the load converges and 
implodes during the pinch. 
Z-pinches progress in four stages: initiation, ablation, implosion, and stagnation. 
Initiation [72] occurs during the initial current rise of the shot process and is characterized 
by ohmic heating of the wires at relatively low current (<1% of peak current). This heating 
creates a low-density plasma sheath about the wires upon material breakdown and provides 
a low-resistance path for the main current pulse. At this time, only about the first 5-20 ns 
of the current pulse [73], the ablation stage is now active. 
Ablation, the second Z-pinch phase, is characterized by the current being confined to 
the plasma sheath and the start of inward plasma migration due to the global magnetic field 
[74]. As the coronal plasma surrounding the wires is drawn towards the symmetry axis, it 
is continually replenished by thermal conduction and radiative heating of the remaining 
wire cores. Strong expansion of the wires occurs at the beginning of this phase, resulting 
in high density gradients [75]. The plasma then begins to accumulate along the z-axis into 
a precursor plasma column at an approximately constant velocity [76]. The wires remain 
stationary during the ablation phase with the momentum balance used by the rocket model 











where 𝐼 is the current, 𝑅0 is the wire core radius, and the ablation velocity 𝑣𝑎𝑏𝑙 is a function 
of material, current, and wire array configuration. According to Ref. [77], the initial 
structure of the coronal plasma seeds Rayleigh-Taylor and magneto-Rayleigh-Taylor 
instabilities during the implosion stage. 
 During the third stage of the Z-pinch, the wires have been fully ablated, and the 
plasma is strongly pulled toward the center of the pinch. During the design of loads, 
impedance matching to the machine is considered such that the implosion coincides with 
peak current to produce very energetic plasmas. At implosion, gaps form in the wires due 
to non-uniform ablation [78]. This allows the magnetic field to penetrate the plasma and 
accelerate the remaining wire cores inwards. The gaps, or plasma bubbles [74], [79], have 
strong magnetic fields that sweep up trailing mass on their path to the central axis and 
expand under Rayleigh-Taylor instabilities.  
Finally, the stagnation phase occurs when the plasma has collided in the center of the 
pinch to form a singular, dense plasma column. This compression produces a strong burst 
of radiation across a broad spectrum and represents the primary radiation of the implosion. 
As the leading edge of the plasma bubbles arrive, they deliver a significant amount of mass 
and kinetic energy which is converted to thermal energy. The power of the radiation burst 
is dependent upon the spatial correlation and the temporal spread of the bubble fronts 
arriving on axis. Instabilities ultimately destroy the plasma column and signal the end of 
radiation bursts and the implosion itself. 
2.2.2 X-pinch Physics 
X-pinches are a class of Z-pinch in which wires are crossed in the shape of an ‘x’. This 
can be accomplished though twisting of the wires or simply looping them. The latter was 
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used in this research. The main stages of an X-pinch proceed as above with a few unique 
changes and characteristics. Initiation of the pinch proceeds as in the previous section. 
Ablation and expansion of the wire cores causes coronal plasma formation. In contrast to 
the relative constant coronal density of the parallel wire Z-pinches, X-pinch coronal plasma 
accumulates along the axis of the pinch with higher density surrounding the central 
crossing point [42]. Large-scale instabilities begin to form that feed through to the 
implosion stage. During an X-pinch, the current is funneled towards the central cross-point, 
inducing strong ionization in this small volume due to the high current density. The 
magnetic pressure at the center has a square relationship to the number of wires in the load 
[35].  
The implosion stage of the X-pinch is characterized by the formation of a long, thin 
cylindrical plasma column on the pinch axis. This column decreases in size during the 
pinch and, ultimately, spans the distance between two plasma electrodes. This is known as 
a mini diode or micro Z-pinch. The high pressures produce a localized, micro (< 500 μm) 
Z-pinch [42] and produces a bright spot from which the majority of radiation is emitted. 
The rapid implosion of the mini diode is highly unstable and leads to plasma break-up 
shortly after the main X-ray burst of the pinch [42]. 
Unlike planar or cylindrical arrays where the mass is distributed at a distance from the 
symmetry axis, X-pinch mass is concentrated at the center. Therefore, the implosion is 
driven by oscillations in implosion and explosion of the load; however, the exact nature of 
the multiple bursts is unknown at this time. The explosion is due to charge repulsion, while 
the Lorentz force re-confines the plasma during the implosions. Plasma jets are a common 
feature of X-pinches [47]. They are ejected by the magnetic gradient-induced pressure 
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along the z-axis of the wires resulting from the axial asymmetry of the X-pinch. 
Additionally, jets commonly form perpendicular to the wires.  
Electron beams are also a primary feature of the Z- and X-pinch and have been 
extensively studied [40], [80], [81]. These beams can have energies exceeding 20 keV with 
a peak current of 10 kA. The formation of the electron beams coincides with the breakup 
of the plasma column during mini diode phase due to the fields that accelerate the electrons 
to energies greater than that expected from the applied electrode voltage [82]. These high-
energy electron beams can then generate hard X rays (>30 keV) by bombarding the 
electrodes and plasma column, producing characteristic line radiation. Electron beams are 
generally directed along the z-axis of the pinch towards the anode, where they have enough 
energy to punch holes through it [81], [83], [84]. Short bursts of X-ray radiation occur due 
to disruptions in the plasma column. Longer radiation pulses are generated from electron 
beam interaction with the plasma and additional thermalization of the plasma. The intensity 
of the electron beam depends on the conditions of the X-pinch load.  
3 The Facilities 
The two high-intensity laser systems and the z-pinch machine used for the plasma 
experiments discussed in this work are detailed here. The Leopard laser and the Zebra 
pulsed power generator are both housed at the University of Nevada Reno, while the Titan 
laser is operated by the LLNL Jupiter Laser Facility (JLF). Gas-puff heating experiments 
were performed at both the Leopard and Titan lasers. X-pinch studies were conducted with 
the Zebra generator. A full accounting of the diagnostics used in each facility will be given 
in Chapter 4. 
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3.1 The Leopard Laser 
The Leopard laser is located in Reno, NV about 10 miles north of UNR at the university 
Physics Department’s Nevada Terawatt Facility (NTF). It is a hybrid Ti:Sapphire/Nd:glass 
laser system operating at a wavelength of 1.057 μm and a laser pulse intensity of up to 
2x1019 W/cm2 [85]. Its amplification chain is shown in Figure 3.1. The Leopard laser is 
linearly polarized in the vertical direction (Figure 3.1a). Laser beams are sometimes 
referred to as having s- or p-polarization; this polarization is determined with to the lab 
floor. Therefore, the Leopard laser beam, with its vertical polarization is considered an s-
polarization laser beam.  
In our experiments, the Leopard laser beam was directed into the Phoenix chamber for 
laser-gas-puff heating experiments, with a typical diagnostic schematic and picture shown 
in Figure 3.2. Diagnostics varied between experiments, but usually included X-ray crystal 
spectrometers, X-ray detectors, and electron beam detectors arranged in different 
orientations about the target. The Phoenix chamber is large enough that diagnostics can be 
placed inside the chamber, as close to the laser-plasma source as needed, with the 









Figure 3.2 Sample (a) schematic and (b) actual experimental setup of Leopard laser 
experiments in (c) the Phoenix chamber. 
 The Leopard laser is capable of shooting in several different modes (short pulse, 
long pulse, high contrast, and low contrast) each of which was used in the gas-puff heating 
experiments. The different pulse length parameters are summarized in Table 3.1. An off-
axis parabolic (OAP) mirror with focal number f/1.5 focused the laser radiation into a 10 
μm spot and laser intensity is determined for this spot size. The complete Leopard pulse 
22 
 
consists of a pedestal (essentially the pre-pulse) of lower intensity with the main pulse 
occurring at the center of the pedestal. This pedestal can induce pre-heating in the target 
that could negatively affect experiments. Therefore, Leopard was designed to be able to 
vary the laser pulse contrast. In this work, laser pulse contrast is defined as the ratio 






We used pulse contrasts of 107 and 105 in the gas-puff heating experiments. If laser pulse 
contrast is not specified, it is assumed to be high, i.e. 107. 




Long Pulse 800 ps 20-25 1016 
Short Pulse 350 fs 10-15 1019 
Table 3.1 Laser parameters for both the short and long Leopard laser pulses. Beam 
intensity is calculated for a 10-μm spot size. 
3.2 The Titan Laser 
The Titan laser, located in the JLF at LLNL in Livermore, CA, is a petawatt-class, two-
beam laser platform used for high-intensity laser plasma physics [86]. A summary of its 
different operation regimes is given in Figure 3.3. The goal of these experiments was to 
maximize X-ray and electron emission from the laser-irradiated gas puffs. Since we already 
had access to 1.057-μm laser radiation with Leopard, the decision was made to convert 
Titan laser to its frequency-doubled configuration. The short-pulse Titan laser was 
frequency-doubled using the KDP type-II crystal to produce ~700-fs, 40-J pulses at 527 
nm [87]. The short pulse was chosen to maximize laser intensity at this wavelength and 
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energy. An f/3 OAP gives a best focus of 10 μm, producing laser radiation intensities up 
to 7x1019 W/cm2.  
The suite of diagnostics used in the Titan experiments is shown in Figure 3.4, with 
descriptions given in Chapter 3. As with the Leopard laser, diagnostics can be placed either 
very close to target chamber center (TCC) and the plasma source or on one of the many 
available ports. Note that Titan laser beam is p-polarized, and its polarization is orthogonal 
to that of the Leopard laser. 
 





Figure 3.4 Experimental schematic of plasma diagnostics at the Titan laser. Laser beam is 
p-polarized, normal to both gas-puff and laser propagation direction, i.e. into and out of 
the page. 
3.3 The Zebra Generator 
The Zebra generator is a pulsed power generator capable of reaching a peak current of 
1 MA in approximately 100 ns [88] and was originally designed by Los Alamos National 
Laboratory to drive frozen deuterium fibers [89]. Zebra is located at the NTF, along with 
the Leopard laser and a simplified schematic is shown in Figure 3.5.  
Current pulse generation begins in the Marx capacitor bank, consisting of 32 1.3-μF 
capacitors and pictured on the right of Figure 3.5. The capacitors are charged in parallel to 
a maximum voltage of 100 kV, with typical operations charging the capacitors to 85 kV. 
The Marx bank capacitors are then discharged in series into an intermediate storage 28-nF, 
3.5-MV capacitor using deionized water as a dielectric. Once holding 80% of maximum 
charge, the intermediate capacitor is triggered by a gas SF6-insulated Rimfire switch, 
causing current to flow through the 1.9-Ω vertical transmission line. Finally, the current 
reaches the load, travelling from the anode to the cathode and the walls of the chamber 
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provide a return path for the current. Plasma is then created in the chosen load type as 
extremely strong current quickly ionizes load material. The 𝐽 × ?⃑⃑? force pinches the plasma 
on axis, resulting in further heating and ionization of the plasma, which facilitates X-ray 
emission. Due to the high energy nature of the Z-pinch and the large amount of debris 
produced during the shot, diagnostics are often placed at least 1 m from the center of the 
chamber. 
The previous description of Zebra is for its standard configuration. However, 
another option is available: the Load Current Multiplier (LCM) [90]. The LCM can be 
installed in the chamber to increase the current of Zebra up to 1.7 MA. This allows for the 
implosion of more massive loads, which will be evident in later chapters. The anode-
cathode gap is decreased to 1 cm for LCM shots.  
 




4 Experimental and Theoretical Techniques 
This chapter contains both experimental techniques as well as the principles of 
diagnostic operation and plasma measurements. Diagnostic locations and setup are unique 
to each set of experiments and will be described in Chapter 5. The organization of this 
chapter proceeds in the following manner. First, the gas-puff nozzle system used for laser 
heating experiments is described. The following section explains the optical diagnostics 
used in this work, including gas-puff characterization techniques, optical plasma imaging, 
and laser absorption. X-ray diagnostics are discussed next. Electron beam diagnostics end 
the chapter. 
4.1 Gas-Puff Nozzle System 
Three gas-puff nozzles were studied in this work: tube (subsonic), linear (supersonic), 
and conical (also supersonic) nozzles. The linear, supersonic nozzle will be the focus of 
this work with comparisons made between the other two. Designed by the UNR Physics 
Department, the linear nozzle has a rectangular (1.5 x 3 mm) aperture with a throat size of 
0.5 mm Figure 4.1. Initially, this nozzle was designed to output three parallel gas puffs 
(Figure 4.1a and Figure 4.1c), but it was determined that the central puff was defined 
enough to make the outer nozzle openings unnecessary. Figure 4.1c, shows the cross 
section of the central nozzle. 
The tube “nozzle” simply consisted of an annular cylinder with a constant exit aperture 
of 2.4 mm. Later in this work, the tube nozzle will also be referred to as the subsonic nozzle. 
The conical nozzle, with its elongated throat (Figure 4.2), is more suitable for Z-pinch 
plasma at the compact Sparky Z-pinch facility at UNR, but was still considered a possible 
27 
 
candidate for gas-puff plasma experiments at powerful lasers. It has an exit diameter of 4.7 
mm and a throat diameter of 0.5 mm. The total length of the nozzle is 19 mm.   
 
Figure 4.1 (a) and (c) Original design of the supersonic nozzle. Only the central nozzle 
portion is used for experiments presented here. (b) Cross-section of the nozzle, showing 
its rectangular aperture (1.5 x 3 mm) and throat size of 0.5 mm). (d) Nozzle mounted on 
Parker Co. Series 9 pulsed gas valve. 
 
Figure 4.2 The conical nozzle (total length 19 mm) schematic and mounted on a 
connecting flange. The arrow shows gas flow direction. 
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When implemented in experiments, each nozzle was connected to a Parker Co. Series 
9 pulsed gas valve [91]. The small footprint of the valve made mounting it within a vacuum 
chamber simple and the maximum operating pressure of 1250 psi is well-above our 
experimental parameters. When the gas valve is powered either by a constant DC voltage 
or voltage pulse, the gas puff is initiated via the opening of a solenoid-activated poppet 
inside the gas valve, which remains closed and leak-proof when not under voltage. For 
normal operations, the gas valve is run in its pulsed capacity using the gas-puff control box 
with the electrical schematic shown in Figure 4.3. An 8-15 V biased transistor-transistor 
logic (TTL) signal is condensed into a shorter pulse by the righthand side of the schematic 
to abruptly open the gas valve. 
 
Figure 4.3 Gas-puff control box electrical schematic to quickly open the valve. 
A 2D hydrodynamic code was developed by Dr. Andrey Esaulov (UNR) to verify the 
supersonic speed of the linear nozzle as well as simulate other important parameters as 
shown in Figure 4.4 [92]. Mach number and temperature are particularly important 
parameters to simulate, as they show conditions favorable for the formation of clusters. 
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The linear nozzle reaches a maximum Mach number of 4 outside the nozzle and a minimum 
temperature of ~100 K.  
 
Figure 4.4 2D hydrodynamic simulations of (a) Mach number, (b) temperature, (c) 
velocity, and (d) density of the gas puff produced by the linear supersonic nozzle. Gas 
flow direction is from left to right in the images and the edge of the nozzle is at x = 16 
mm. 
4.2 Gas-Puff Variables 
Several different gas-puff variables control the shape, density, and cluster size of the 
gas puff. During our experiments, gas target type, gas valve backing pressure and delay 
timing are each varied to observe their effect on the gas puff. Definitions and summaries 
of these variables are presented in the section. First, however, we describe the coordinate 
systems used to discuss the gas puffs. 
Both the tube and conical nozzles have cylindrical symmetry. The linear, supersonic 
nozzle does not, so care must be taken to describe the coordinate system used throughout 
this dissertation. Figure 4.5 defines the coordinate system and different “views” of the 
nozzle. View 1 looks along the long plane of the puff, while View 2 is generally the side 
view of the nozzle. Unless specified, the nozzle and gas puff were oriented so that the laser 
travels along View 1, in the y-direction. The magnitude of z describes how far away the 
area of interest is from the nozzle exit. The View 1/2 system is unique to the linear nozzle. 
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The conical and tube nozzle results will be presented as a function of x to keep notation 
similar. 
 
Figure 4.5 (a) Side and (b) top view of central nozzle aperture. View 1 (shows variation 
in x of the gas puff) and view 2 (shows gas-puff variation in y) denote the direction from 
which the puff is viewed.   
A total of seven noble gases and noble gas mixtures were used in the gas-puff 
experiments. We chose to use noble gases due to their nonreactivity and relative safety, 
compared with other popular clustering gases such as SF6. The pure gases consisted of 
Argon (Ar), Krypton (Kr), and Xenon (Xe). As discussed in the introduction, adding lighter 
carrier gases to heavier seed atoms can facilitate cluster formation and plasma ionization. 
Hence four different gas mixtures were created for experimentation, shown in Table 4.1, 
with gas partial percentages given by percent volume. Laser heating and gas-puff 
characterization experiments were performed with each listed mixture, with emphasis on 
15Kr-85Ar and XeKrArI. 
Mixture Name Percent Ar Percent Kr Percent Xe 
5Kr-95Ar 95 5 0 
15Kr-85Ar 85 15 0 
XeKrArI 68 19 13 
XeKrArII 80 12 8 
Table 4.1 List of gas percentages by volume of the noble gas mixtures. 
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For each of the nozzles, we can vary both gas delay timing and the gas valve backing 
pressure. Gas delay timing (Figure 4.6) is the difference in time from when the gas valve 
is triggered to when the laser pulse occurs. The laser pulse can refer to both high-powered 
lasers for plasma experiments or lasers used in the characterization of the gas puffs. Gas 
valve backing pressure was varied between 200-700 psi. Variation of gas delay timing and 
backing pressure induce changes to gas-puff parameters like density, cluster size, and shape 
for a given noble gas. In turn, this is used to control the laser-irradiated gas puff X-ray and 
electron emissions. Therefore, determination of how these variables affect puff parameters 
is important and the measures used will be detailed in Section 4.4. 
 
Figure 4.6 Schematic demonstrating gas delay timing. 
4.3 X-pinch Wire Loads 
Pulsed power experiments necessitate the use of a load or target that spans the anode-
cathode gap, creating a path for the current. X-pinch wire loads are formed by crossing thin 
wires at the midway point of the load as seen in Figure 4.7. Wire X-pinch are comprised 
of multiple wires, but other configurations include using laser cut foils or even conical 
electrodes with a small bar in the middle, termed hybrid X-pinches. In this work, four wires 
were used in the looped X-pinch configuration. The current in an X-pinch does not travel 
orthogonal to the anode-cathode gap. Instead it is initially funneled along the wires towards 
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the center cross-point of the X-pinch. Once the plasma column forms, the familiar 𝐽 × ?⃑⃑? 
force implodes the pinch along the z-axis. The different wire materials, diameters, and total 
load mass used in this work are summarized in Table 4.2. 
  









Ag Standard 4 30 297 
Mo Standard 4 20.3 132 
Mo Standard 4 24.4 191 
Mo Standard 4 34.8 388 
Table 4.2 Summary of X-pinch loads in this work. 
4.4 Optical Diagnostics 
The first two sections detail optical diagnostics used to characterize the gas puffs in the 
UNR Radiation Physics Laboratory. These experiments took place independently of the 
laser heating experiments. A measure of laser beam propagation through the gas puff in 
the Titan experiments is discussed in the final part of this section. 
4.4.1 Interferometry 
A Mach-Zehnder interferometer was used to measure the density of the gas puffs. 





waves. Assuming two EM waves, with electric fields 𝐸1,2⃑⃑⃑⃑⃑⃑⃑⃑ = 𝐸1,2⃑⃑⃑⃑⃑⃑⃑⃑ exp 𝑖(𝑘1,2⃑⃑ ⃑⃑ ⃑⃑ ⃑ ∙ 𝑟1,2⃑⃑⃑⃑⃑⃑⃑ − 𝜔𝑡 +
𝜙1,2), exist at a given point in space and time, the resultant electric field is  
?⃑? = 𝐸1⃑⃑⃑⃑⃑ + 𝐸2⃑⃑⃑⃑⃑. 
Equation 4.4.1 
𝑘1,2⃑⃑ ⃑⃑ ⃑⃑ ⃑ is the wave vector and 𝑟1,2⃑⃑⃑⃑⃑⃑⃑ the position vector. The total intensity, however, depends 





2 + 2𝐸1⃑⃑⃑⃑⃑ ∙ 𝐸2⃑⃑⃑⃑⃑𝑐𝑜𝑠𝜙, 
Equation 4.4.2 
where 
𝜙 = 𝑘1⃑⃑⃑⃑⃑ ∙ 𝑟1⃑⃑⃑ ⃑ − 𝑘2⃑⃑⃑⃑⃑ ∙ 𝑟2⃑⃑⃑⃑ + 𝜃1 − 𝜃2. 
Equation 4.4.3 
The two sources are mutually coherent if 𝜃1 − 𝜃2 is a constant. Interferometers require 
spatially and temporally coherent light sources to produce fringes.  
Therefore, laser radiation, due to its outstanding spatial and temporal coherence, is used 
to produce interference fringes. Interferometers typically split a single laser pulse into two, 
making 𝑘1⃑⃑⃑⃑⃑ = 𝑘2⃑⃑⃑⃑⃑, so these fringes are created simply by changing the path difference 
between two in-phase EM waves or laser beams. The frequency of the fringes is given by 
ϕ, so the magnitude of the path length governs the periodicity of the pattern. 
The system is then aligned with no sample present to produce a background fringe 
pattern, Figure 4.8a. If there is a difference in path length between the two beams, like that 
introduced by a gas puff, a phase shift is introduced and the fringes bend, Figure 4.8b. This 
figure gives an example of low-frequency interferograms, which was the initial setup of 




Figure 4.8 Low frequency interferograms of the tube nozzle (a) without and (b) with a 
gas puff present. 
The interferometry experimental setup is shown in Figure 4.9. A pulsed 532-nm beam 
from a Continuum® Powerlite™ Precision 8010 YAG laser [93] is first expanded and 
collimated. Then, in the Mach-Zehnder interferometer, laser light from one source is split 
into two beams: the scene and the reference beam, as shown in Figure 4.9. The scene beam 
passes through the sample, in this case the gas puff, while the reference beam travels the 
same path length unimpeded. The window on the vacuum chamber are Quartz crystals with 
an antireflective coating to maximize beam quality in the scene beam. A final beam splitter 
recombines the beams, which are then focused onto a Princeton Instruments CCD 
(charged-coupled device) camera with a 1317x1095 pixel array. The 6-ns laser pulse is 
assumed to be on a short enough time-scale that the gas puff does not change significantly 
during imaging. Camera focus and measurement of camera magnification was 
accomplished by backlighting a clear ruler at the nozzle position. The scale on the images 
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was generally 90 pixels/mm. Neutral density (ND) filters decrease laser intensity to avoid 
damage to the CCD array and improve image contrast. 
 
Figure 4.9 Interferometry optics schematic. ND stands for neutral density. Beam splitters 
(BS) split and recombine the scene and reference beams. 
During alignment for high-frequency interferometry, we adjust the interference fringes 
to be oriented at 45º with a fringe frequency of at least 0.3 pixels/fringe. The 45º tilt allows 
for calculation of both the vertical and horizontal carrier frequencies required for the 
analysis program with the Fourier transform method detailed in Appendix 0. Figure 4.10 
shows a sample interferogram with a zoomed in portion showing the tilt of the fringes. The 





Figure 4.10 Sample interferogram of the nozzle with an inset for a magnified view of the 
interference pattern. 
It is necessary to have the ability to vary the gas delay timing when performing gas-
puff characterization experiments. This is achieved with the electronic schematic shown in 
Figure 4.11. The user activates the system by pressing the Run/Stop button on the 
triggering scope, which awaits a signal from the first delay generator (DG). DG1 controls 
the laser flashlamps and Q-switch, firing them at a frequency of 10 Hz. When the triggering 
scope registers that the laser has fired, everything is primed for the next shot of the laser 
and DG2 sends a signal to both the CCD camera and gas-puff control box (Figure 4.3). The 
mechanical shutter of the CCD is open for much longer (~20 ms) than the laser pulse length 
(6 ns), hence the captured interferogram occurs at the laser firing time, determined by the 
signal from a photodiode (see Figure 4.9 for placement of photodiode) measured by the 
monitor scope. The gas delay timing is measured on the monitor scope as the difference in 
time from the initiation of the gas valve (signal from DG2 Channel C which is a copy 




Figure 4.11 Electronics schematic of the interferometry setup. Three power supplies (PS), 
two delay generators (DG), and two oscilloscopes are used to time the system. Two 
control boxes trigger the pulsed laser and the gas backing valve. 
After the derivation presented in Appendix 0, the relative phase shift introduced by the 
gas puff in the scene beam is shown to be  





where k is the Gladstone-Dale constant for a given gas, M is the atomic mass of the gas, N 
is the density of the gas, and the line-integrated density is 𝐿 = ∫𝑁𝑑𝑙 with the integral 
performed along the path of the laser through the gas. For Ar, k=0.157 cm3/g at 532 nm. 




For cylindrically symmetric gas puffs, the density of the puff can be extracted using an 
Abel inversion; this approach, however, cannot be used for the linear, supersonic nozzle. 
Its rectangular aperture complicates the determination of gas-puff density. This is the 
reason that, for each set of gas-puff parameters (backing pressure and gas delay timing), 
an interferogram is taken for both View 1 and View 2, as displayed in Figure 4.12. We can 
approximate the average density of the gas puff by taking the quotient of the line-integrated 
density of one view and the width of the gas puff of the orthogonal view, reducing line-
integrated density to 






where the indices designate View 1 or 2 and w is width of the gas puff. OriginLab, a data 
analysis software, can determine with width of the line-integrated density profiles. This 
method is not well-suited for determining N2, the average density of the gas puff as viewed 
from View 2, because the profile of View 1 is sharply peaked so N2 is not constant over 
the gas puff the integral. View 2, on the other hand, as a relatively constant density profile, 




Figure 4.12 Line-integrated density of a linear Ar gas puff at a backing pressure of 600 
psi and gas delay timing of 1000 μs for both (a) View 1 and (b) View 2. 
4.4.2 Rayleigh Scattering 
Cluster size measurements of the gas puff are conducted on the principle that the 
intensity of light elastically scattered by a particle or an object is related to its size. The 
dominant scattering regime is determined by the relative size of the scattering particle and 






where r is the characteristic length, usually radius, of the scatterer and λ is the laser 
wavelength, is x << 1, Rayleigh scattering (RS) dominates. This occurs when the size of 
scattering object is much less than the wavelength of the laser. For x ≈ 1, Mie scattering 
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occurs and the phase variation from the object’s surface induces interference in the 
scattered light. When the object is comparatively large (x >> 1), scattered light is 
considered classically and is simply related to the projected area of the scatterer. 
Due to the small clusters in our gas puffs, RS is employed measure their size. This is a 
parametric process, meaning the state of the cluster does not change with measurement. 
The elastic scattering of light from a transparent dielectric, such as a gas cluster, is due to 
induced dipole radiation of the cluster by the laser’s electric field. Since the clusters are 
small relative to the laser wavelength, the atoms in the cluster radiate in phase. However, 
the random positioning and movement of the clusters within the puff can create many light 
‘sources’ and produce incoherent radiation that will self-interfere, leading to immeasurable 
signals. However, the camera exposure is kept short (~10 μs) and multiple exposures are 
averaged to minimize these effects.  
The RS signal from the clusters in the gas puff can be written in terms of laser intensity 
𝐼𝑙, density of clusters 𝑛𝐶 , and the cluster scattering cross-section 𝜎𝐶 as  
𝑆𝐶 = 𝐶𝐼𝑙𝑛𝐶𝜎𝐶 , 
Equation 4.4.7 
with the constant of proportionality C which is determined by the geometry of the 
experimental system. The derivation of this equation is given in Appendix C. It must be 
noted that the gas puffs are not comprised solely of clusters of atoms, but also contain 
monomers, or single gas atoms. However, shown in Appendix C, the scattering signal of 
the entire gas puff (monomers and clusters) is dominated by cluster scattering because of 
the 𝑁𝐶
2 dependence of 𝑆𝐶, which is linear for monomers. 𝑁𝐶 is the total number of atoms 
contained within a cluster. An intuitive derivation of the square dependence on number of 
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scatterers per cluster is given in Ref. [94]. After the description of the experimental setup, 
Equation 4.4.7 will be altered to include experimental parameters and cluster size. 
 
Figure 4.13 RS optics schematic. 
A continuous wave diode laser was directed through the chamber and focused by a lens 
onto the center of the gas puff Figure 4.13. The rectangular beam profile gave a focused 
region of (∆x, ∆z) = (< 1 mm, 3 mm), allowing for a large portion of the gas puff (in the z-
direction) to be imaged for one nozzle position. A 3” lens located 90º to the beam 
propagation axis imaged the scattered light onto an intensified CCD (ICCD) camera with 
array size 512x512 pixels. The observation location is chosen to maximize scattering light 
intensity, the 𝑠𝑖𝑛2(𝜑) term of Equation C.5. 
Due to the high light sensitivity of the ICCD, a black enclosure box was erected around 
beam path outside of the chamber. Additionally, black laser foil had to be placed inside the 
chamber and around the gas-puff nozzle itself to reduce reflections. As with the 
interferometry setup, the ICCD was focused by backlighting a clear ruler, which also 
provides scaling for the images. The height of the laser beam is fixed with respect to the 
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chamber, so the imaged region is changed by varying the position of the nozzle, mounted 
on a moveable rod inside the chamber. 
Since the diode laser is a continuous wave laser, camera exposure is determined by 
both the gain of the sensing region and the gate, or time of exposure. Pixel intensity is not 
a linear function of the ICCD gain, so the gain was kept constant for the entirety of the 
experiments. The gate time, determined by the time delay between Channels A and B on a 
delay generator (Figure 4.14), was instead used to control the exposure of the ICCD to the 
scattered light. In theory, doubling the gate time should also double the amount of light 
detected by the ICCD. The gate time then also provides a way to normalize images. 
 
Figure 4.14 RS electronics schematic. One delay generator controls gas valve 
initialization and ICCD timing. The delay between Channels A and B is the gate time. 
The power supplies (PS) and gas-puff control box are the same used in Figure 4.11. 
Images of the radiation scattered by the gas puffs (see Figure 4.15a for an example) are 
recorded while keeping laser power constant. The laser power is monitored by a photodiode 
to ensure reliable and reproducible measurements. For each set of gas-puff parameters 
(viewing direction, gas type, gas valve backing pressure, and gas delay timing), multiple 
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images are taken and then averaged to minimize variations in scattering intensity due to 
cluster movement. This results in a 2D profile for 𝑆𝑔(𝑥, 𝑧), the scattering signal due to the 
gas puff, where the x-coordinate could refer to either x or y as defined in Figure 4.5. The 
gate timing must be kept constant over data collection for each gas-puff parameter set.  
 
Figure 4.15 (a) Rayleigh scattering (RS) image of an Ar gas puff at a gas delay of 1000 
μs and a backing pressure of 600 psi. (b) Calibration image with 1 atm Ar gas, with the 
nozzle pulled out of frame. 
After the necessary gas-puff images are collected, calibration constants must be 
determined for the experimental geometry. The vacuum chamber is backfilled with 1 atm 
of the target gas and several exposures are taken at a long gate time (~2000 μs) to detect 
the much lower monomer signal, shown in Figure 4.15b. This necessitates moving the 
nozzle out of frame to further reduce reflections at this high sensitivity. Averaging the 
calibration signal over the extent of the gas-puff region gives the calibration constant S0 for 
the set of detector and optics solid angles as well as transmission of the radiation through 
the chamber windows. 
A program written by John Moschella, detailed in Appendix C, analyzes a set of gas-
puff and calibration images, and averages those images to produce a 2D plot of 𝜂𝑁𝐶 , where 





puff are contained in clusters. This program calculates the product 








where 𝑛0 is the Loschmidt constant, the number density of an ideal gas in a given volume 
and GR is the gate ratio. The gate ratio is the gate time of the calibration shots divided by 
the gate time of the gas-puff shots and is usually on the order of ~600-2,000. Detailed 
knowledge of 𝑛(𝑥, 𝑧), determined from interferometry, is required for processing. Due to 
the discrepancy in array size between the CCD (interferometry) and the ICCD (RS) a linear 
interpolation is performed to map density data into the ICCD grid. 
The space occupied by a cluster is simply 𝑉𝑐 = 𝑁𝐶𝑉𝑎𝑡𝑜𝑚, where 𝑉𝑐 is the volume of the 




where the relation is now in terms of radius. Since our RS measurements result in the 
parameter 𝜂𝑁𝐶 , an estimation of 𝜂 will be made to determine 𝑅𝑐, discussed in Section 5.2. 
4.4.3 Spectralon® Scattering Plate 
The Spectralon® scattering plate was provided for experiments on Titan courtesy of 
G.E. Kemp [95]. Spectralon®, similar to Teflon, is a fluoropolymer produced by 
Labsphere®, Inc. [96]. A scattering plate made of optical grade Spectralon® was used to 
place an upper bound on the laser energy absorbed by the gas-puff plasmas in our Titan 
experiments. Laser energy passing through the plasma is spectrally reflected from the 
Spectralon® scattering plate, a nearly perfect diffuse reflector (>99%), and imaged onto a 
CCD camera. Light or radiation is diffusely reflected if it is scattered in all directions, i.e. 
without a clear reflection angle. A variety of glass neutral density filters kept CCD within 
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its linear range. The integrated spectra of each laser pulse itself was recorded by a fiber-
coupled Ocean Optics® USB2000 mini spectrometer [97]. 
 
Figure 4.16 Processed Spectralon® image. The two circles are diagnostic holes in the 
plate. Espectralon=Energy on Spectralon from the figure title. 
An integration, over both time and space, is performed on the CCD image from the 
Spectralon® to determine the energy transmitted through the gas puff and plasma, Espectralon 







where ETitan is the energy of the laser pulse. In this calculation, we are assuming that all of 
energy 𝐸𝑇𝑖𝑡𝑎𝑛 − 𝐸𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙𝑜𝑛 is absorbed by the plasma. Since the critical density of the 2ω 
Titan laser (527 nm) is 4x1021 cm-3 the laser-irradiated gas puff is an underdense plasma 
and should allow for the propagation of the laser through the puff. However, it should be 
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noted that laser energy can be spectrally or diffusely scattered by the gas puff in addition 
to being absorbed by the plasma or cold surrounding gas. An example of spectral reflection 
is light off a mirror; the reflected wave has a well-defined angle. Scattering of laser 
radiation somewhere in the puff would be interpreted incorrectly as being absorbed. 
Therefore, the reported data places an upper bound on the energy absorbed by the gas puff 
and plasma.  
4.4.4 Laser Shadowgraphy 
Laser shadowgraphy is a core diagnostic at the Zebra facility and is used primarily as 
an imaging system in this dissertation. An expanded, collimated beam passes through the 
plasma, where it is refracted and absorbed, leaving a shadow that reveals the structure of 
the plasma. Quantitatively, the shadowgrams can be analyzed to determine plasma density. 
However, this requires solving the Poisson equation with the choice of appropriate 
boundary conditions, as shadowgraphy is a measurement of the second derivative of 
density [98]. The critical density of a 532-nm laser is 3.9 x 1021 cm-3, so electron densities 
in the plasma that exceed this value cause a complete shadow. This allows for a least order 
of magnitude estimations of plasma density from the shadowgrams. The quantitative 
analysis of shadowgraphs is not in the scope of this work. 
Upon current start, an Nd:YAG laser (EKSPLA [99]) fires a 150-ps, 532-nm pulse that 
can be delayed to image the plasma at different stages of the pinch by adding cable lengths 
to the trigger system. Near the Zebra chamber, a beam splitter is used to direct the beam 
either to the chamber or to a delay loop with an optical path length of 5 ns. The two channels 
are orthogonally polarized after splitting and can be separated after the passing through the 
plasma with optical polarizers for imaging on two CCD cameras. The result is two 
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shadowgrams separated in time by 5 ns. If needed, neutral density filters are placed in front 
of the imaging CCD to reduce light exposure and improve image contrast. 
4.5 X-ray Diagnostics 
4.5.1 X-ray Filters 
As X-ray photons pass through material, they can be absorbed or scattered via different 
processes, attenuating the strength of the radiation beam. In plasmas, higher energy photon 
signals are often disguised by the large amount of lower energy photons in the visible or 
UV range. Filters can be placed in front of diagnostics to attenuate or even completely 
block photons below a certain level of energy. Assuming a slab of material with thickness 
d, the transmission of X-rays is 
𝑇 = 𝑒−𝑛𝜎𝑑, 
Equation 4.5.1 
where n is the number density of atoms and σ is the cross-section of photoabsorption and 
scattering of the material [100]. The cross-section of a material is a function of atomic 
scattering factors, density, and number. The Center for X-ray Optics [101] provides an 
easy-to-use online platform that will calculate the transmission of X-rays up to 30 keV 
through solids of varying thickness; this includes both pure elements as well as plastics and 
other compounds. Figure 4.17 shows the transmission of a 1-μm polyester film known as 
Mylar and presents an interesting example to follow with two transmission “windows.” 
 The filter cut-off energy is defined as the photon energy for which the X-ray 
transmission exceeds 1/e or 36.8%. For the 1-μm Mylar, this occurs at two photon energies, 
0.18 and 0.7 keV. Note that the Mylar film used was aluminized Mylar; the addition of a 
0.2 μm thick layer of Al does not significantly change the transmission of the filter. The 
cut-off energy gives a lower energy bound to the photons that reach the detectors after 
48 
 
transmission through the filter. A summary of the filters used in both laser and Z-pinch 
plasma studies is given in Table 4.3. Filtered detectors will henceforth be referred to by 
their cut-off energy. For example, a silicon diode with a 12.5 μm Ti filter will be called a 
3.5 keV silicon diode. 
 
Figure 4.17 X-ray transmission through 1 μm Mylar (C10H8O4) film. The 1/e cut-off 
energy is 0.7 keV. Plot generated using Ref. [101]. 
Filter Material and 
Thickness 
Filter Cut-off Energy 
(keV) 
1 μm Mylar + 0.2 μm Al 
Coating 
0.7 
7.5 μm Kapton 1.4 
6 μm Mylar + 0.2 μm Al 
Coating 
1.4 
25 μm Kapton + 4 μm 
Mylar + 0.8 μm Al Coating 
2.4 
12.5 μm Ti 3.5 
120 μm Al 9 
Table 4.3 A list of all the filters used on diagnostics in this dissertation. Filter cut-off 




4.5.2 Silicon Photodiodes 
Two types of silicon photodiode detectors (Si-diodes) were fielded in our experiments 
at the Leopard Laser, Titan Laser, and Zebra Facility, both from Opto Diode Corp [formally 
produced by International Radiation Detectors (IRD)]. These detectors provide spatially 
and spectrally integrated, time-resolved X-ray flux measurements. Incident photons travel 
through the thin (3-7 nm) SiO2 surface layer and produce electron-hole pairs across the p-
n junction, creating a current proportional to the number of charge carriers. This current 
can be measured on oscilloscopes for further processing to back out the photon flux 
incident on the detector. 
We implemented the AXUV HS-1 and HS-5 photodiodes. The AXUV HS-1 detectors 
have an active detecting area of 0.25 x 0.25 mm2 and a 250 ps rise time. The AXUV HS-5 
[102] detectors have a larger detecting region of 1 mm2 and longer rise time of 700 ps due 
to its larger capacitance (40 pF compared to 5 pF for the HS-1) [103]. The fast rise time of 
these detectors allows for the measurement of very short X-ray pulses, like those observed 
in the laser-irradiated gas puffs (2-10 ns). A main advantage to implementing the Si-diodes 
is their near 100% quantum efficiency over a wide spectral region and little to no energy 
is lost in the electron-hole pair creation [104], [105]. Second, the creation of the electron-
hole pair is a relatively flat response, meaning one detected photon produces one charge 
pair [106]. Additionally, a biasing voltage of only -45 V is required to power the Si-diodes, 
unlike other X-ray diodes.   
Unfortunately, the spectral response of the diodes is not flat in the soft X-ray region 
(>1 keV) as seen in Figure 4.18. The addition of filters as described in the preceding section 
allows for the selection of a narrower spectral region to limit the energy of detected 
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photons. In this work, the Si-diodes were filtered to detect photons in different energy 
regions: >1.4, 3.5, 9 keV. Generally, comparisons will be made between different shots 
and only qualitative differences between the spectral regions will be discussed. As such, 
the spectral response of the diodes is not considered unless explicitly stated. The Si-diodes 
are also sensitive to electrons and ions with energies >100 eV. Thus, permanent magnets 
were placed in front of the detectors to deflect any incoming charged particles. 
 
Figure 4.18 HS-1 silicon diode spectral response from [103]. 
The filter cut-off energies were consciously chosen to observe different spectral 
regions. Primarily, the Si-diodes were fielded for the gas-puff heating experiments with the 
noble gases Ar, Kr, Xe, and the mixtures mentioned above. L-shell Xe lines occur between 
3.95-4.6 keV and are detected by the 1.4 and 3.5 keV Si-diodes. Finally, the 1.4 keV Si-
diodes sees, the Ar Kα line residing at 2.9 keV and Ar K-shell emission in general (~3 keV) 
as well as L-shell Kr (2.234-2.361 keV). All the diodes will detect Bremsstrahlung photons 




Multiple sets of detector packages were fielded in our experiments. For example, one 
Si-diode filtered for each spectral region is contained in a package and several packages 
were placed at different angular positions around the target. Calibration of the diodes was 
performed at the UNR Plasma Physics and Diagnostics Laboratory (PPDL) at the Sparky 
Facility to ensure the solid angles of the detectors and their relative sensitivities were 
accounted for. An Nd:YAG Continuum® Surelite™ I (1.06 μm wavelength, 5-7 ns pulse 
length, and 450 mJ of energy) [93] incident on a copper slab produced the plasma used to 
cross-calibrate the diodes. One diode was the control diode and was tested against the rest, 
providing a normalization factor to be used during analysis. The Si-diodes signals reported 
later in this work reflect their relative sensitivities. 
Si-diodes are also sensitive to incident electrons and will produce a current when 
impacted by charged particles. To our signals electron-free, permanent magnets were used 
in front of the Si-diodes to deflect electrons from hitting the detectors. 
4.5.3 Photoconduction Diamond Detectors 
PCDs, or photoconducting diamond detectors [107], are another X-ray detector used in 
each of our plasma experiments. Unlike Si-diodes, PCDs do not measure photoelectrons 
[108], but produces current via incident X-ray flux. The PCD’s temporal response is very 
good at 500 ps [109]. One advantage to using the PCD over Si-diodes for absolute X-ray 
photon measurements is its flat spectral response (within 20%) over a large spectral region 
200-2200 eV [110]. An electron-hole pair is produced by an incident energy of ~13 eV, 





as a laser beam profiler. The induced current in the PCD biasing circuit, held at Vbias is 










where Pin is the incident power on the detector, α is the absorption coefficient, μ is the 
charge carrier mobility, d is the thickness of the diamond, T is the lifetime of the charge 
carriers, and l is the conduction length of the diamond. The PCDs used in this dissertation 
were absolutely calibrated, with sensitivities on the order of 10-4 A/W. 
X-ray yield for the plasmas presented here was measured using the integrated PCD 
signal. We define the coefficient of conversion, ε, for laser plasmas to be 
𝜀 =
4𝜋 ∫𝑉𝑃𝐶𝐷𝑑𝑡
𝑅 ∗ 𝑆 ∗ 𝐸𝑙𝑎𝑠𝑒𝑟 ∗ 𝛺
 
Equation 4.5.3 
where VPCD is the voltage measured by the oscilloscope, R is the resistance of the 
oscilloscope channel, S is the sensitivity of the PCD, Elaser is the energy of the laser beam, 
Ω is the solid angle of the detector, and we integrate over all space to get the factor of 4π. 
To compare laser and Z-pinch plasmas, a slightly different coefficient of conversion is 
implemented. εelec is calculated using the same method as in Equation 4.5.3, but Elaser is 
replaced by Ecapacitor, the charging energy of either the Zebra capacitors or the electrical 
energy powering the Leopard and Titan Lasers. 
 The PCDs used in the laser heating experiments were outfitted with 2.4 keV filters 
(see Table 4.3) putting their spectral region between the two lower Si-diodes (1.4 and 3. 5 
keV). Compared to the 1.4 keV Si-diode, they are sensitive to both Ar K-shell and Kα 
emissions, but not the L-Shell Kr. Therefore, the PCDs filtered to 2.4 keV in particular are 
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a good detector for use in analyzing emissions of the mixtures, which contain both Ar and 
Kr. 
4.5.4 X-ray Pinhole Cameras 
Time-integrated X-ray pinhole cameras (TIPHs) provide a simple way of imaging X-
ray emitting regions of our plasmas. Each emitting point of the plasma uniquely maps to a 
point on the detector, in this case Kodak Bio-max MS film recorded the images. Relevant 
TIPH design parameters are the distance from the source to the pinhole a, the distance from 
the pinhole to the detector b, and the pinhole diameter d; they can be chosen to vary image 
magnification, resolution, and the transmitted intensity through the pinhole. Magnification 






and the spatial resolution is  












The full resolution of the TIPH would then be  





In the laser-gas puff studies, a pinhole camera outfitted with three pinholes was 
implemented to simultaneously image the plasma in three energy regions (0.7, 1.4 and 3.5 
keV) with a resolution of 60 μm. The 1.4 and 3.5 keV pinholes cover the same spectral 
regions list in the Si-diode section; However, the 0.7 keV filter has the two transmission 
windows, shown in Figure 4.17, the lower of which is sensitive to L-shell Ar (250-350 eV). 
This allows us to see the shape of the plasma that creates the X-ray emissions detected by 
the diodes as a function of photon energy. 
Filtering of the images can also be accomplished by layering the film itself, as used in 
the Zebra TIPH, where previous layers of film filter the photon energies for subsequent 
films. The cut-off energies of those images will be reported later in this work when 
necessary. The Zebra TIPH images have a spatial resolution of 220 μm. 
Once film is scanned onto a computer, its optical density can be measured. Optical 
density (OD), how much light or radiation intensity passes through the film, is defined as 





where I0 and I are the intensities of the radiation before and after interacting with the film. 
Calibration of a scanner allows for the conversion of the scanned film pixel counts (or 
intensity) into OD. This is then converted into film exposure using the X-ray response of 
Kodak Biomax MS film in Refs. [112], [113] to find the flux of particles (photons/cm2) 
that hit the film. Using the X-ray response of Kodak Biomax MS film, the total energy flux 
of an X-ray emitting region can be calculated from the exposure level of the film. 
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4.5.5 X-ray Spectrometers 
A very useful tool for obtaining plasma parameters in plasma science is spectroscopy, 
the study of radiation. We use crystal spectrometers to observe and detect X-ray spectra 
according to Bragg’s Law: 
2𝑑𝑠𝑖𝑛𝜃 = 𝑚𝜆, 
Equation 4.5.9 
where λ is the wavelength of the diffracted light, m is the order of the diffraction, d is the 
atomic inter-planar spacing of the crystal lattice, and θ is the radiation’s angle of incidence. 
Definition of the angle θ is displayed in Figure 4.19. The geometric scheme and crystal 
choice for a given spectrometer determines the wavelength range (bandwidth) of the 
observed spectra as well as its resolution and overall intensity. Increasing one parameter 
often comes at the expense of others, making it important to consider what is essential to 
one’s studies or field multiple spectrometers to overcome the disadvantages of the 
individual. 
 
Figure 4.19 Pictorial schematic of selective refraction of radiation from a crystal with 
Bragg’s Law. Image courtesy of Ref. [114]. 
 Once spectra are collected, it must be analyzed to produce meaningful results. This 
is accomplished through Non-Local Thermodynamic Equilibrium (Non-LTE) kinetic 
modelling. Non-LTE indicates that equilibrium between the plasma particles does not exist 
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and individual rate equations for relevant plasma processes that change energy level 
population must be considered. These processes can include: three-body recombination, 
radiative decay and resonant photo-absorption, photoionization and radiative 
recombination, and collisional excitation and de-excitation among others. For the models 
developed by our group, the Flexible Atomic Code (FAC) [115] is used to calculate atomic 
data for the above mentioned processes. This data is then channeled into the Spectroscopic 
Collisional-Radiative Atomic Model (SCRAM), where the rate equations are solved, and 
level populations and synthetic spectra are produced as a function of various plasma 
parameters. SCRAM is a code developed by Hansen in 2003 [116] and further modified in 
the group [41], [117]. 
 
Figure 4.20 Illustration of the convex crystal spectrometer schematic. Crystal radius of 
curvature is r and R is the detector, in this case X-ray film, radius. 
Non-LTE models are unique to each element that produced spectra and will be used to 
estimate electron density ne and temperature Te for our plasmas. Kodak Biomax MS film 
is used at the detector for the spectrometers discussed in this work. Two spectrometers 
were implemented for this research. The convex crystal spectrometer, Figure 4.20, is a 
widely-used spectrometer scheme for its simplicity and flexibility in design. It uses a 
convex crystal bent around a cylinder and has a large wavelength range, recording all 
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wavelengths below ‘2d’ of the Bragg law [118]. This spectrometer has been employed in 
both X-pinch [33], [119] and gas-puff heating [13], [16] experiments. It was fielded with a 
KAP (potassium acid phthalate) crystal, giving a spectral resolution of ~300-500 (λ/∆λ).  
A Johann scheme spectrometer was designed by UNR graduate student Matthew 
Cooper for use in laser-irradiated gas-puff plasma and lower energy Z-pinch experiments 
[120]. The Johann spectrometer is a horizontal focusing, concave crystal spectrometer 
[121], a general schematic for which is show in Figure 4.21. For the crystal element, a 
cylindrically bent Si crystal with a radius of curvature of 275 mm was used. A thin Kapton 
film (7.5 μm) protected the crystal from direct X-ray radiation. Spectrometer resolution 
was estimated to be around 1200 (λ/∆λ), considered a relatively high resolution.  
 
Figure 4.21 A horizontal focusing concave crystal spectrometer with R being the radius 
of the Rowland circle and 2R as the crystal curvature. Figure courtesy of Matthew 
Cooper [120]. 
One of the disadvantages of this scheme of spectrometer is its low bandwidth (~0.5 Å); 
this is where the adjustability of our design matters. Figure 4.22 diagrams the three 
different geometries of the spectrometer. As required by the experimental shot parameters, 
the spectrometer’s positioning can be varied to observe different spectral regions. These 
regions were chosen to coincide with Si-diode energy regions and to see diagnostically 
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important spectral lines for determining plasma electron temperature and density. Later in 
the text, the positions will be referred to as the Ar, Kr, and Xe positions of the Johann 
spectrometer, Figure 4.22a, b, and, c respectively. 
 
Figure 4.22 Schematic of the Johann spectrometer in position to record in three spectral 
regions: (a) K-shell Ar at 3.9-4.58 Å (3.18-2.71 keV), (b) L-shell Kr at 5.26-5.73 Å 
(2.36-2.16 keV), and (c) L-shell Xe at 2.7-3.15 Å (4.59-3.94 keV). Figure courtesy of 
Matthew Cooper [120]. 
4.6 Electron Beam Diagnostics 
4.6.1 Faraday Cup 
Multiple Faraday cups detected the presence of electrons beams in our laser-irradiated 
gas puff experiments. A metal cup with a small metal disc act as the detecting region. As 
an electron beam travels into the cup and impacts the metal disc, the disc picks up a charge 
proportional to the number of charge carriers interacting with the cup. This voltage is then 
discharged across a resistive network and measured by an oscilloscope. The total current 








where N is the total number of observed electrons, t is the observation time in seconds, and 
e is the elementary charge of the electron (1.69x10-19 C). Foil filters place in front of the 
Faraday cup can be used to measure the current of electron beams with different energies 
[122]. Electron beam cut-off energies varied from >19 keV (4μm Al, Leopard Laser) to 
>72 keV (4μm Cu, Titan Laser) in the laser-irradiated gas puff studies. 
Inner shell vacancies in atoms can be caused by electron beams, particularly in cold 
plasmas, where collisional or thermal ionization has a low cross-section. The presence of 
electron beams or thermal electrons, even at lower energies (>1 keV) can cause L- or even 
K-shell emission. Signals on our Faraday cups can verify the presence of electron beams 
strong enough to produce radiation that we see on the X-ray spectra. 
4.6.2 Electron Spectrometer 
High energy (>100 keV) electrons are detected via a permanent magnet electron-
positron pair spectrometer (EPPS). This EPPS was borrowed for experiments at the Titan 
laser from Dr. Jaebum Park of LLNL, the design of which is given in [123]. The device is 
capable of simultaneous measurement of electron and positron spectra, though the focus 
will be on relativist electrons. The principles of operation of the EPPS are quite simple. A 
pair of permanent magnets create a magnetic field that bends the trajectories of the charged 






where m is the mass of the particle, v⊥ is the component of the particle’s velocity 
perpendicular to the magnetic field B, and q is the charge of the particle. The sign of q 
determines the direction of gyration, so the EPPS measures positively and negatively 
60 
 
charged spectra by implementing two detection regions orthogonal to the direction of B. 
An earlier design for the spectrometer from the same group using fiber optics in lieu of 
image plates is shown in Figure 4.23 to give an example of the schematic of the device. 
The main difference between the spectrometer fielded in our experiments and the one in 
Figure 4.23 [124] is the detector. In Ref. [124], the previous design used a fiber array 
coupled to a CCD camera while ours used image plates. 
Electron spectra were recorded by Fuji™ BAS SR-2040 image plates (IP). The EPPS 
was placed 70 cm from target chamber center (TCC) and had a slit size of 1 x 5 mm2. 
Absolute response of the IP to electrons at various energies is well-documented [125], 
[126] and accounted for in the dispersion of the spectrometer. The IPs were scanned by the 
Fuji FLA-7000 IP scanner.  
 
Figure 4.23 Example of the schematic of a permanent magnet spectrometer. For the one 
used in our experiments, two image plates were implemented instead of the fiber-CCD 




Figure 4.24 Sample EPPS electron spectra produced at the Titan laser with 1 MeV and 5 
MeV positions marked. 
For analysis, the pixel intensities must be converted into photostimulated 
luminescence, or PSL, units, either through the scanning software or in post-processing. 
PSL is a measure of the stored energy released from the IP by the scanner. To convert pixel 



















where R is the resolution of the scan (μm), S is the sensitivity setting, L is the latitude, and 











An ImageJ plugin was developed by the author to convert the image on the IP into PSL 
units and then extract the electron spectra minus any background noise, see Appendix D. 
The recorded signal does fade in time and the empirical fading rate reported [127] for 
this brand of IP as 
𝐹(𝑡) = 0.162 + 0.436 exp (−
𝑡
18.9





with t being the time in minutes since exposure. The reported electron spectra have been 
adjusted to take this into account. Electron spectra are converted from pixel along the 
dispersion plane to electron energy using the dispersion for the EPPS provided by Jaebum 
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Park. A sample spectrum collected from a Xe laser-irradiated gas puff is shown in Figure 
4.24. Note that the number of electrons is normalized to be in units of number/MeV/sr. The 
solid angle is calculated for the slit size and distance from TCC. And the /MeV is the 
electron energy binning or difference in electron energies between pixels (MeV/pixel). For 
lower energy electrons (< 3.5 MeV), the resolution of the spectra is limited by the 
instrumental dispersion. This is greatly reduced > 9 MeV to less than 0.5% [128]. 
4.7 Molecular Dynamics Code 
The interaction of noble gas clusters with a short, high intensity laser pulse at 1.057 μm 
was investigated with a 3D relativistic molecular dynamics (MD) code developed by 
George Petrov of the Naval Research Laboratory [5], [129]. In general, MD simulations 
iteratively solve the equations of motion for each particle, accounting for forces and 
processes one wishes to study. With the relatively small number of particles needing to be 
tracked (~104), the particle-particle model was chosen for the simulation over the particle 
mesh model which is more suitable for smooth forces and requires high spatial resolution. 
Primary features of this model are the creation of particles (through ionization) and the 
tracking of their motion. This allows for plasma formation in the cluster, coupling of laser 
energy to the plasma, and temporal evolution of the plasma. 
The simulation itself follows the evolution of one cluster. However, periodic boundary 
conditions are used to simulate the presence of neighboring clusters that would be in the 
actual gas puff. Inter-cluster distance was set to 50 nm. Upon simulation start, the cluster 
consists of a programmed number of neutral noble gas atoms with a given interatomic 
spacing, to match the density of liquid Ar, Kr, or Xe. Laser energy is introduced to the 
system via a global Gaussian electric field, whose parameters are chosen to match the laser 
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beams used in experiments. At any given time, the cluster radius and ion charge 
distribution, from which the ion densities are derived, can be calculated. 
5 Characterization of Noble Gas Puffs 
Results for measurements obtained via interferometry and Rayleigh scattering are 
presented in this section. For specifics on each of the diagnostics, refer to Sections 4.4.1 
and 4.4.2. 
5.1 Gas-Puff Density Measurements 
5.1.1 Effects of Nozzle Type on Gas-Puff Density 
Several nozzles were developed for use in gas-puff heating experiments: the linear, 
conical, and tube nozzles. The conical nozzle was originally intended for gas-puff Z-pinch 
experiments at the newly renovated compact Sparky Z-pinch facility. Figure 5.1 shows the 
line-integrated density profiles of both the linear and conical gas puffs; note that line-
integrated density has units of cm-2. The coordinate system for the nozzles is outlined in 
Section 4.1.The first notable difference between the two is the overall size of the puff. The 
conical nozzle (Figure 5.1c) produces a large (~4 mm), cylindrically symmetric puff, while 
the linear nozzle creates a rectangular 1 x 2.75 mm puff (Figure 5.1a and b). Additionally, 
the linear puff is more collimated, while the conical puff spans a larger z distance without 





Figure 5.1 Linear [(a) View 1 and (b) View 2] and (c) Conical gas-puff line-integrated 
density profiles with Ar gas at backing pressure 600 psi and gas delay time 1000 μs. 
Adapted from Ref. [15]. 
Another significant difference resides in the magnitude of the line-integrated intensity; 
it is about nine times smaller for the conical gas puff. The aberrations in Figure 5.1c are 
due to the small line-integrated density of the conical gas puff. The line-integrated density 
of the conical nozzle is just at the edge of the detection range of our interferometer and 
some sets of gas-puff variables (pressure, timing) did not produce analysis-quality 
interferograms. Since the path length of the interferometry laser is roughly the same, the 
average density of the conical puff should be an order of magnitude smaller as well. Indeed, 
the calculated density comes to 2.8 x1019 cm-3 for the linear gas puff and 2.25x1018 cm-3 
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for the conical at a z = 1 mm from the nozzle exit. Density calculations were performed 
along both views of the nozzle; View 1 giving a density of 2.8x1019 cm-3 and View 2 giving 
3.05x1019 cm-3. This is a difference of around 10%, but is within experimental error. 
Detailed interferometric data is not available for the tube nozzle, but the density was 
determined to be around 1.5-2 times that of the linear nozzle [13]. 
The cylindrical symmetry of the conical nozzle is an important design choice for a gas-
puff Z-pinch as it provides favorable conditions for the pinch to occur on axis. The 
elongated linear nozzle, on the other hand, creates an opportunity to study self-focusing of 
the laser beam along the longest path length of gas puff. Figure 5.2 shows the difference 
between 600-psi 1000-μs Ar gas-puff profiles of the two viewing directions. Data in the 
legend of Figure 5.2a is determined using the built-in “Integral” function in OriginLab. The 
profiles of Figure 5.2b are then generated by dividing by the orthogonal width of the puff, 




Figure 5.2 (a) Line-integrated and (b) average density profiles of a linear Ar gas puff at 
600 psi backing pressure and 1000μs gas delay time. 
5.1.2 Linear Gas-Puff Density Characterization 
In this section, the variation of gas target type, delay timing and backing pressure will 
be evaluated on how they affect linear gas-puff density. Prior to using high-frequency 
interferometry, simple graphical analysis was used to estimate gas-puff density as 
described in Appendix 0. Results presented from low-frequency interferometry 
measurements have a higher error than those with collected with the high-frequency 
interferometry due to estimation of the fringe shifts.  
During the low-frequency interferometric measurements, a large span of gas backing 
pressures and delays were tested and are summarized in Figure 5.3 at z = 1 mm for Ar gas 
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puffs from the View 2. This value of z is chosen due to its high density and because the 
most promising laser heating experiments had a focus there (Section 6.1.3). As expected, 
increasing gas valve backing pressure in turn increases the density of the gas puff. This 
result is logical due to fluid dynamics and mass flow conservation. There is a very strong 
jump in density when moving from 200 psi to 300 psi, a trend that does not continue at 
higher pressures. Additionally, gas-puff density rises with delay time until ~760 μs, when 
the density variations due to a change in gas delay decrease. 
 
Figure 5.3 Graphically estimated average gas-puff density measured from View 2 at 
varying gas backing pressures and delay timings. 
The remainder of interferometric data was captured using high-frequency 
interferometry as described earlier. Figure 5.4 displays the behavior of the density profile 
from View 1 and we observe that it varies significantly at large distances (>3 mm) from 
the nozzle exit. Until z = 2 mm, the gas puff is remains relatively collimated with the 
majority of gas contained between x = ±0.75 mm. Past this point, the gas spreads out and 
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the density drops off significantly, signifying the end of the studied gas-puff region. Further 
results will focus on linear gas puffs for z < 3 mm. 
 
Figure 5.4 Lineouts of a linear Ar (600 psi, 1000 μs) gas puff’s average density at 
increasing z (distance from nozzle exit). 
Figure 5.5 shows line-integrated density profiles of Ar, Kr and Xe gas puffs at the same 
color scale. At a gas delay time of 1000 μs, Ar gas produces the densest puffs, followed by 
Xe, and then Kr. This figure, though, is a comparison line-integrated density plots, which 
need to be converted to average density. However, the width of the gas puff from View 2 
is relatively independent through changes of gas-puff variables. Hence, out of the pure 




Figure 5.5 Pure gas-puff line-integrated density profiles (View 1) using the linear nozzle 
with backing pressure ~600 psi and gas delay time 1000 μs for (a) Ar, (b) Kr, and (c) Xe. 
Continuing the analysis shows that, even compared to the mixtures, Ar gas puffs are 
the densest, Figure 5.6. For both pure and mixed gas puffs, the densities are compared to 
pure Ar. See Section 4.2 for the mixture composition percentages. The average density of 
the gas puff remains constant for the first 0.5 mm just outside the nozzle aperture. It then 
decreases with the distance z at the about same rate for each gas puff shown, though the 




Figure 5.6 Average gas density as a function of z for (a) pure gas puffs and (b) mixed gas 
puffs. Density as measured from View 1 The backing pressure is 600 psi for each shot.  
The data in Figure 5.6 shows the density of gas puffs at different gas delays; a more 
complete picture of variations in the gas-puff profile with varying delay timing, can be seen 
in Figure 5.7. The figure presents the View 1 line-integrated density profiles of the two 
triple mixtures, XeKrArI (a-c) and XeKrArII (d-f). The color scales are the same for each 
plot. Density maximums occur at a gas delay time of 1000 μs for both mixtures and, in 
general, the overall shape of the gas puff remains constant. In addition, the 1000 μs 
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produces the highest gradients for a given delay time, shown by the closer distance between 
contours. 
 
Figure 5.7 (a)-(c) XeKrArI and (d)-(f) XeKrArII line-integrated density profiles (View 1) 
at various gas delay timings and a backing pressure of 600 psi. 
The average gas puff density was calculated at the distance z = 1 mm for the gases and 
gas delays tested at the Titan laser (see Section 6.1.6.2). Figure 5.8 illustrates the control 
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of gas-puff density for a range of delay timings. Density measurements were taken along 
View 1 axis. The gas-puff densities have maxima between time delays of 830 to 1000 μs 
with minimum densities at 600 μs. The details regarding the gas-puff density are essential 
since, as it will be shown later in this work, the density of the gas puff directly impacts 
plasma parameters such as X-ray and electron emission. 
 
Figure 5.8 Average gas density as a function of gas delay time with constant backing 
pressure 600 psi. KrAr is 15Kr-85Ar and XeKrAr is XeKrArI in as defined in this work. 
Density as measured from View 1. 
5.1.3 Density Gradients at the Edges of the Linear Gas Puff 
The majority of laser heating experiments were performed with the laser beam 
propagating along View 1, with the focus spot at y = 0 mm, i.e. at the actual center of the 
gas puff. However, several shots were taken at different values of y (moving towards the 
front edge of the gas puff). Several interesting results were observed (see Section 6.1.8) 
and it is surmised that they were due, at least in part, to the high gradients at the edges of 
the linear gas puff. It is known that the density of a material directly affects the index of 
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refraction. Therefore, density gradients will produce non-linear variations in the index of 
refraction of the gas puff, which can foster focusing of the laser beam in the gas puff and 
lead to harder X-ray generation. It is also possible that the neutral gas-puff density gradients 
can aid in the self-focusing of the laser beam in the plasma it creates. Self-focusing occurs 
when the refractive index of a plasma (or any medium) is changed through laser 
interactions.   
Density profiles of Views 1 and 2 for ~600 psi Xe gas puffs taken at a gas delay of 830 
μs are shown in Figure 5.9a. Like with the previous data, the lineouts were taken at z = 1 
mm. Since the y-position of the laser focal spot was changed, View 2 is the direction of 
interest for this section. The gradient of View 2 is therefore included in Figure 5.9b. Due 
to the large amplitude of the gradient, the View 2 density profile has been scaled to fit on 




Figure 5.9 For the Xe linear gas puff (550 psi and 830 μs) at z = 1 mm, (a) density 
profiles and (b) View 2 density (adjusted to be seen on graph) and gradient of the View 2 
density in units of cm-4. 
5.2 Cluster Size Measurements 
5.2.1 Determination of Cluster Radius 
As shown in Equation 4.4.9, the radius of the cluster depends on the metric chosen for 
atomic radius. Common definitions include: atomic, Van der Waals, Wigner-Seitz, and 
covalent radii. The atomic radius is alone in expressing the size of neutral, isolated atoms. 
The others represent radii in the presence of other atoms. The Van der Waals radii is the 
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distance of nearest approach for an additional atom. The distance between two covalently 
bonded atoms defines, logically, the covalent radius. Finally, the Wigner-Seitz radius 
quantifies the mean volume per atom in a solid. Table 5.1 summarizes the different atomic 
radii for Ar, Kr and Xe. Values are in Å and were collected from Refs [130]–[133] for 










Ar 0.71 1.06 1.88 2.40 
Kr 0.88 1.16 2.02 2.57 
Xe 1.08 1.40 2.16 2.73 
Table 5.1 Various atomic radii for Ar, Kr, and Xe. All values are in Å. 
Consequently, the choice of atomic radius determines absolute cluster radius. In this 
work, the Wigner-Seitz radius is used. For articles in literature where cluster size is 
measured, the authors also implement the Wigner-Seitz radius in their calculations as it 
assumes liquid, i.e. high, density in the cluster. However, many groups do not even measure 
the cluster size and use the Hagena parameter to estimate cluster radius [8], [11], [23], [30], 
[134]–[136]. The Hagena parameter 𝛤∗ is a semi-empirical formula relating nozzle 





where 𝑑𝑒𝑞 is the equivalent orifice diameter in μm, 𝑘ℎ is a gas-dependent constant, 𝑃0 








We chose not to employ this parameter for the linear supersonic nozzle because 𝑑 would 
be a complicated function due to our nozzle geometry. Hence, this work is special for its 
measurement of cluster and gas-puff parameters in addition to laser-heating experiments. 
5.2.2 Effects of Nozzle Type on Cluster Formation 
The linear, tube, and conical nozzles were evaluated for the presence of clusters. In 
summary, cluster production occurred in both the linear and conical gas puffs, but not the 
subsonic tube gas puff. Figure 5.10 demonstrates the lack of the clusters in the subsonic 
tube gas puff. The nozzles are mounted so that the gas flow direction is downward in the 
figures. Recall that pixel intensity on the ICCD array is a linear function of gate, or 
exposure, time. The gate time in Figure 5.10b is ten times that of Figure 5.10a, further 
emphasizing the absence of clusters in the subsonic puff. It should be noted that no 
scattered light was observed for any subsonic gas puffs. 
 
Figure 5.10 Representative RS images from the (a) supersonic (View 1) and (b) subsonic 





Figure 5.11 RS images from the (a) conical and (b) supersonic (View 1) Ar gas puffs. 
Gas flow is downwards. 
Images comparing the conical and linear gas puffs are shown in Figure 5.11a and b. 
Testing the conical gas puff for clusters was a direction taken through curiosity and, 
surprisingly, the conical nozzle scattered a measurable amount of light, suggesting that its 
flow is supersonic. This justified additional RS shots for the conical nozzle changing both 
gas-puff backing pressure and delay time, summarized in Figure 5.12. The graph displays 
ICCD pixel intensity averaged over the entire scattering region. 
The onset of major cluster formation is observed between 400 and 500 psi. The increase 
in magnitude of the scattered radiation could be due to the presence of larger clusters or an 
increase in density as the backing pressure rises. Without reliable interferometric data, 
contributions from the two cannot be separated. Gas delay also affects the scattered 
intensity; the presence of detectable clusters diminishes at 600 and 2000 μs with higher 




Figure 5.12 Pixel intensity averaged over the entire gas-puff region (Figure 5.11a) of the 
conical gas puff at various gas backing pressures and delay timings. 
Due to the lack of detailed interferometric data, absolute cluster size could not be 
measured for the conical gas puff. However, an estimation of 𝛤∗ was achieved using the 
following parameters: 𝑘𝐴𝑟=1650 [137], 𝑃0=500 psi, and 𝑇0=100 K. For a conical nozzle, 













where D is the output diameter and L is the length of the cone. This results in 𝑑𝑒𝑞=660 μm, 
giving a final value of 3.8x105 for 𝛤∗ using Equation 4.4.9.That value is well above the 
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parameter range given in the previous section, making the estimation of cluster size from 
the Hagena parameter (Equation 5.2.2) invalid. However, adjustments have been made by 




Therefore, the average number of atoms per cluster in the conical gas puff is 4.4x106, 
which is considered quite large. Using the Wigner-Seitz radius for Ar and assuming all 
atoms are confined in clusters (𝜂=1) gives an estimate of 390 Å for the average cluster 
radius. For comparison, clusters in Ar linear gas puff at 600 psi and 1000 μs delay time 
have an average radius of 90 Å. Unfortunately, only characterization experiments were 
performed on the conical gas puff and not data are available for laser heating experiments. 
5.2.3 Linear Gas-Puff Clusters 
Most of the characterization experiments focused on the supersonic linear gas puffs 
from View 1. Analysis of the RS images for the linear gas puffs is performed using the 
program detailed in Appendix C. The 𝜂𝑁𝑐 profile for a 600-psi, 830-μs Ar gas puff from 
View 1 is shown as a surface and contour map (Figure 5.13a and b, respectively). Cluster 
generation appears to extend just past the line-integrated density profile (Figure 5.5a and 
Figure 5.13b). We observe ‘wings’ of very large intensity past the edges of the gas puff 
where the sharp gradients cause the 
1
𝑛(𝑥,𝑧)
 term in Equation 4.4.8 term to blows up. 𝜂𝑁𝑐, 




Figure 5.13 𝜂𝑁𝑐 contour for a linear Ar (600 psi, 1000 μs) gas puff as a (a) 3D surface 
map and (b) 2D contour map. 
Two sets of assumptions were made to generate cluster radius, please refer to Equation 
4.4.9 for the calculation of cluster radius from our measurements. First, the Wigner-Seitz 
radius was used for 𝑅𝑎𝑡𝑜𝑚. And, second, our measured data is in the form 𝜂𝑁𝑐, yet Equation 
4.4.9 requires 𝑁𝑐. Therefore, the selection of cluster condensation factor, 𝜂, for both the 
mixed and pure gas puffs must also be addressed. In the literature [8], [11], [23], [30], 
[134]–[136], and especially when the Hagena parameter is utilized, 𝜂 is often assumed to 
be unity as it places a lower bound on the cluster size. We took 𝜂𝐴𝑟, 𝜂𝐾𝑟, and 𝜂𝑋𝑒 to be one 
as well. However, it is likely that this number is less than one in practice. The estimation 
of 𝜂 for the mixtures is more involved, but has been measured through Mie scattering and 
using simulations [28], [139]–[141]. Corrections have been made to the cluster sizes since 
our previous articles [13], [15], [16] were published. 
During the laser-heating experiments, it was found (see Section 6.1.6) that Ar does not 
condense into clusters in either the KrAr or XeKrAr mixtures. The percentages of Ar 
contained in 15Kr85Ar, XeKrArI, and XeKrArII are 85%, 68%, and 80%, respectively. 
This then allows us to assume values of 𝜂15𝐾𝑟85𝐴𝑟= 0.15, 𝜂𝑋𝑒𝐾𝑟𝐴𝑟𝐼= 0.32, and 𝜂𝑋𝑒𝐾𝑟𝐴𝑟𝐼𝐼= 
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0.2. Since 15Kr85Ar clusters only contain Kr, its radius will be used for 𝑅𝑎𝑡𝑜𝑚. For the 
triple mixtures, we are unable to determine if the Kr and Xe cluster independently. 
Therefore, the relative percentages of Kr and Xe in the triple mixtures was determined to 
be very similar at 59.4% Kr and 40.6% Xe (XeKrArI) and 60% Kr and 40 % Xe (XeKrArII) 
The effective Wigner-Seitz radius for the triple mixtures is then 2.63 Å. 
 
Figure 5.14 Cluster radius of different gas-puff targets at 600 psi and a gas delay of 1000 
μs (Ar, Kr, 15Kr85Ar) or 830 μs (Xe, XeKrArI, and XeKrArII). 
Figure 5.14 demonstrates that cluster radius does indeed increase with distance from 
the nozzle exit, z, unlike gas-puff density (Figure 5.6). The values for cluster radius were 
averaged over 0.25 mm at the center of the gas puff (x = 0 mm) and error introduced by 
this average is negligible at <1%. Different gas delays were chosen for the targets to 
coincide with X-ray emission maxima and gas-puff backing pressure remained constant at 
600 psi. Xe produces the largest clusters by a large margin, even with 𝜂𝑋𝑒= 1, followed by 
the order in the legend. Cluster size does increase with z, but a drop-off is observed in both 
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triple mixtures and pure Xe. Since this decrease is absent in the Ar/Kr gas targets, we can 
assume that the feature is due to the presence of Xe. Table 5.2 summarizes the average 
cluster radii of the gases at (x, z) = (0, 1) mm.  
Gas Xe XeKrArII 15Kr85Ar Ar XeKrArI Kr 
Cluster 
Radius (Å) 
205 145 110 90 85 70 
Table 5.2 Average cluster radii 1 mm from the center of the nozzle opening at 600 psi 
and a gas delay of 1000 μs (Ar, Kr, 15Kr85Ar) or 830 μs (Xe, XeKrArI, and XeKrArII). 
In contrast to the strong increase in 𝜂𝑁𝑐 as a function of x shown in Figure 5.13, the 
cluster radius remains quite constant at the distance z = 1 mm (Figure 5.15). Cluster radius 
remains relatively constant over the x-direction for all gases. This is due to the (𝑁𝑐)
1/3 
dependence of cluster radius. Significant variations to cluster radius require a 103 change 
in 𝑁𝑐. This also implies that exact calculation of the cluster condensation 𝜂 is not required 
to generate relatively accurate cluster sizes. Changing 𝜂 from 1 to 0.25 for a given gas 




Figure 5.15 Cluster radius of different gas-puff targets 1 mm from the nozzle exit at 600 
psi and a gas delay of 1000 μs (Ar, Kr, 15Kr85Ar) or 830 μs (Xe, XeKrArI, and 
XeKrArII). 
Interestingly, despite having very similar average gas-puff densities, XeKrArII 
produces clusters with radii double that of XeKrArI. This difference is most likely not due 
to the assumed values for 𝜂 since the difference between 𝜂 = 0.2 or 0.32 only introduces a 
percent difference of 7%. Instead, recall that XeKrArI contains Xe:Kr:Ar partial pressure 
percentages of 13:19:68 and XeKrArII of 8:20:80. The relative percentages of Xe and Kr 
and roughly equal, so the major difference between the two is the amount of Ar in the 
mixtures. As stated in Section 2, adding lighter carrier elements to heavier seed gases 
allows for more efficient cluster formation; the observation of larger clusters in the gas 
mixture with more Ar indicates that varying the amount of a non-clustered gas in a mixture 
will change the cluster condensation when other variables are held constant. 
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6 X-ray and Electron Beam Characteristics of Laser-irradiated 
Gas-puff and X-pinch Plasmas 
6.1 Laser-irradiated Gas-puff Plasma Results 
The laser-irradiated gas puff experiments took place at two different laser platforms as 
detailed in Section 3: the Leopard and Titan lasers. MD modelling of the laser-gas cluster 
interactions if discussed in Section 6.1.1. The results presented in Sections 6.1.2-6.1.5 were 
obtained in experiments done only at the UNR Leopard Laser over several experimental 
campaigns. Care was taken during the experiments to keep experimental parameters 
constant so that comparisons can be made between different campaigns. Sections 6.1.6 and 
6.1.7 show a mixture of results from both Leopard and Titan experiments. Finally, some 
Titan-only results are discussed in Section 6.1.8. 
6.1.1 Molecular Dynamics Modelling of Laser-Gas Puff Interactions 
 
Numerical simulations using the 3D relativistic MD code described in Section 4.7 were 
performed for Ar, Kr and Xe clusters. The clusters were initiated with liquid density and 
an initial radius of 5 nm corresponds to the number of atoms in the cluster: 9,042 for Ar, 
7,364 for Kr, and 6,144 for Xe. Intercluster distance was set to 50 nm, ten times cluster 
radius. Periodic boundary conditions account for the presence of neighboring clusters. 
Laser parameters for the simulation are: wavelength 1 μm, intensity 1x1019 W/cm2, pulse 




Figure 6.1 MD simulation results for (a) Ar, (b) Kr, and (c) Xe clusters interacting with a 
laser pulse. The simulations follow the time evolution of electron and ion densities (top) 
and cluster radius (bottom). Laser radiation beings at time t = 0. Figures adapted from 
Refs. [16] and [13]. 
The simulation outputs the temporal evolution of cluster radius and electron and ion 
densities, shown in Figure 6.1 for pure Ar, Kr, and Xe clusters. For each of the gases, the 
clusters exist for only the first 50-100 fs of the laser pulse. The clusters expand within 20-
30 ns of laser incidence, leaving a hot, low density plasma to interact with the remaining 
laser pulse. Electron and ion densities decrease by 3-4 orders of magnitude due to the 
clusters’ expansions. For t > 100 fs, most of the laser pulse heats the low-density plasma, 
causing X-ray production. Even though the clusters survive for only a brief period, they 
have a profound impact on the emissions of the laser-irradiated gas puffs, discussed in 
Section 6.1.2. They absorb a large portion of laser energy in that short amount of time, 




The density of each ionization stage in the plasmas was also calculated for Ar, Kr and 
Xe, though only results for Xe are shown in Figure 6.2. The qualitative behavior of Ar and 
Kr ion densities is similar to Xe and was presented in detail in Ref. [13]. Sequential 
ionization (optical field and collisional) gradually increase the ion charge, q, in time. 
Highly ionized ions are produced later in time from which soft and hard X-ray emission is 
observed on Si-diodes and X-ray crystal spectrometers. Charge states of q > 9 are only 
created after ~15 fs, corresponding with the initial stages of cluster expansion and decrease 
in ion density (Figure 6.1c). Later in time, ions with charge state up to q = 26 are observed 
with decreasing density, approaching gas-puff density. After t > 150 fs, only Xe+26 (Ni-
like) remains because of ionization stall at the closed shell formation, with ionization 
potential for the next level Ip = 1.4 keV. 
 
Figure 6.2 Time evolution of Xe ion densities with ion charge q from (a) 0-6, (b) 7-12, (c) 
13-18, and (d) 19-26. Figure from Ref. [16]. 
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The fast explosion of the clusters is also used to explain the X-ray bursts’ time 
signature, see Figure 6.11 and Figure 6.13 as examples. The sharp forefront corresponds 
with the creation of many lightly ionized particles, while the trailing edge is partly due to 
the presence of the highly ionized emission from the low-density plasma interacting with 
the tail of the laser pulse. Radiative cooling of the (expanded) plasma, which continues on 
a nanosecond time scale, also contributed to the tail of the X-ray pulses. 
6.1.2 Supersonic vs Subsonic Gas Puff at 1.057 μm 
As described in the previous chapter, the subsonic tube nozzle does not produce a 
clustered gas puff. Thus, the effect of clusters on X-ray and electron emissions can be 
studied and will be discussed in this section. These experiments were performed with the 
short-pulse UNR Leopard Laser (350 fs, ~1x1019 W/cm2) and tested both the supersonic 
linear and subsonic tube nozzles as laser targets. While in the target chamber for the laser, 
the nozzle is mounted to a 3D translational mount to facilitate laser-gas puff alignment. 
The supersonic nozzle was oriented so that the laser pulse propagates along View 1, is 
focused at the center of the puff, and travels through 3 mm of gas. For both nozzles, the 
laser was focused at z=1 mm and Ar was used as the target material. Gas valve backing 
pressure was kept constant at 500 psi, while gas delay timing was varied between 500-850 
μs. The full experimental setup is displayed in Figure 6.3 and includes several X-ray crystal 
spectrometers, pinhole cameras, Si-diodes, and a Faraday cup with 4-μm Al filter. To 
protect the Si-diodes from ion and electron impacts, 0.5-T permanent magnets were 
mounted between the detectors and the plasma. The Si-diodes and pinhole camera data 




Figure 6.3 Experimental schematic for the Leopard results in this section. 1. Gas-puff 
nozzle. 2. 3D translational mount. 3. Leopard laser beam. 4. OAP focusing mirror. 5,6,7 
X-ray spectrometers. 8. Hard X-ray spectrometer. 9,10. X-ray pinhole cameras, one 
vertical and one horizontal. 11,12. Groups of Si-diodes, one vertical and one horizontal. 
13. Faraday cup. 
A comparison of peak X-ray emissions from both the supersonic and subsonic laser-
irradiated gas puffs are presented in Figure 6.4. The y-axis is the maximum magnitude of 
signal obtained by Si-diodes, normalized by solid angle and relative detector sensitivity. 
First, it must be noted that changing the gas delay timing offers some control over the X-
ray emissions of the laser-irradiated gas-puff plasmas, a relationship that is stronger for the 
supersonic than the subsonic nozzle. Peak radiation >1.4 keV is larger than 3.5 keV, which 
is expected since the lower filter cut-off energy includes a larger spectral region. In the 
lower spectral region (Figure 6.4a), the difference in emissions between the two nozzles is 
less than in the higher spectral region. This trend continues at 9 keV, showing that the 
clusters enhance X-ray yield at higher photon energies. Since the density of the two nozzles 
is of the same order of magnitude and the same gas, backing pressure, and delay timing 
were used, the difference in X-ray emission is most likely due to the presence of clusters 
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in the supersonic gas puff. The temporal behavior of the Si-diode signals depends on nozzle 
type used as well. Signals captured from the laser-irradiated supersonic gas puff had a sharp 
forefront (quicker than the temporal resolution of our detectors, ~0.5 ns) with a gently 
sloping trailing edge. The subsonic puff also exhibited a sharp forefront, but lacked the 
gentle, trailing edge. 
 
Figure 6.4 Maximum Si-diode signals from Ar gas-puff plasmas produced by the 
subsonic and supersonic nozzles in two spectral regions: (a) >1.4 keV and (b) >3.5 keV. 
Diode signals are normalized with respect to solid angle and detector sensitivity. Error 
bars indicate standard deviation when more than one shot was performed. Adapted from 
Ref. [13]. 
Time-integrated pinhole images (Figure 6.5) also show how the X-ray emitting regions 
of a laser-irradiated supersonic and subsonic gas puff differ. The laser is propagating from 
left to right on the film (Figure 6.5b and d), back to front on the surface plots, along the x-
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axis (Figure 6.5a and c). The X-ray emitting regions of both puffs are smaller than the gas 
puffs themselves. However, the emitting region of the laser-irradiated subsonic gas puff 
has larger gradients than the supersonic puff, especially downstream of the laser beam. It 
has been hypothesized that the clusters surrounding the hot plasma are heated more 
efficiently than the monomers in the subsonic puff due to the higher localized density. The 
high local density inside the clusters would provide conditions favorable to this.  
 
Figure 6.5 Time integrated X-ray pinhole images of laser plasma from laser-irradiated (a 
and b) supersonic and (c and d) subsonic gas puffs. OD is optical density of X-ray images 
on the film. Laser beam propagated along x-axis. Spatial resolution is 60 μm and filter 
cut-off energy is 1.4 keV. Backing pressure was 500psi. Image adapted from Ref. [13]. 
Shown in Figure 6.6 and Figure 6.7 are the X-ray K-shell Ar spectra emitted from the 
laser-irradiated supersonic and subsonic gas puffs, respectively. These spectra were 
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recorded during the same experimental campaign using the long-pulse (0.8 ns) Leopard 
Laser; similar results for the supersonic puffs were observed in later experiments using the 
short-pulse (350 fs) Leopard Laser [13]. Scanned film is at the top of the images and the 
synthetic spectra at the bottom. The non-LTE model used to analyze the spectra was 
developed and implemented by Emil Petkov.  
 
Figure 6.6 Experimental film (top) and lineout fit with the modelling (bottom) X-ray 
spectra from a laser-irradiated supersonic Ar gas puff captured with the convex KAP 
crystal spectrometer. Laser energy was 18 J and was focused as shown in the inset.  
Fundamental differences are evident between the two Ar spectra. In the case of the 
laser-irradiated supersonic Ar gas puff, many satellite lines are observed, including 
ionization stages from Li-like Ar down to F-like Ar. A very broad cold Kα is also present, 
which, combined with the whole sequence of ionization stages, indicates the presence of 
electron beams at a non-Maxwellian electron temperature distribution of ~200-500 eV 
[13]. Sporadic Faraday cup signals were detected during this campaign, signaling the 
presence of electrons of at least 19 keV in energy. Note that the orientation of the nozzle 
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is along View 2 of the supersonic gas puff. Similar spectra are found with the laser-
irradiated gas puff in the orthogonal orientation as well. 
 
Figure 6.7 Experimental film (top) and lineout fit with the modelling (bottom) X-ray 
spectra from a laser-irradiated subsonic Ar gas puff captured with a convex crystal 
spectrometer outfitted with a KAP crystal. Laser energy was 18 J and was focused in the 
center of the gas puff. Figure from Ref. [13]. 
On the other hand, the laser-irradiated subsonic gas puff produces only the Ar Kα line, 
Figure 6.7. This line is termed the “cold” Kα line as it is not accompanied by spectral lines 
indicative of a hotter plasma, like in Figure 6.6, and gives an electron temperature of 10-
30 eV. Therefore, an electron beam or thermal electrons with energy > 4.4 keV (the 
ionization energy of Ar Kα) must have been present to cause the inner shell vacancy that 
produces the Kα line. Observation of more lines at higher order reflections of the Kα line in 
the spectra suggests the existence of multiple emitting sources within the plasma. Upon 
further investigation, the lone presence of the Ar “cold” Kα line is very important to this 
research. The lack of cluster formation in the subsonic gas puff was previously discussed 
(Section 5.2.2). Therefore, the occurrence of the single “cold” Kα is proof of lack of clusters 
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within the gas puff. Clusters only last for a short time during the laser pulse, as seen in 
Section 6.1.1, but have a profound impact. 
6.1.3 Effect of Laser Focal Distance from Nozzle (z-direction) on Gas-puff Plasma 
Emissions 
The laser focal spot distance from the edge of the nozzle (the z-direction in Fig. 3.4) 
was varied (1-3 mm) to determine which produced the greatest X-ray emissions. The 
diagnostic setup is shown in Figure 6.8 for use with the short-pulse Leopard Laser, with 
the radiation again propagating along the View 1 direction, the typical orientation of the 
nozzle. Three detector packages were fielded: one vertical and two horizontal. These will 
be referred to as the Vert, H90, and H15 detector groups for brevity. The vertical detector 
group was along the z-axis and the angles of the two horizontal groups are measured from 
the y-axis within the x-y plane. Each detector group housed three Si-diodes (with filter cut-
off energies of 1.4, 3.5, and 9 keV) and a PCD (cut-off energy 2.4 keV); two Faraday cups 
observed the plasma from the Vert and H15 groups with a 4-μm Al filter. To protect the 
Si-diodes and PCDs from ion and electron impacts, 0.5-T permanent magnets were 
mounted between the detectors and the plasma. Si-diode data are collected from the H15 
group and PCD data are from the H90 group. Section 6.1.7 will address X-ray emission 
from other viewing directions. Both Ar and Kr gas puffs were tested with the supersonic 




Figure 6.8 Schematic of X-ray and electron beam diagnostic positions for the 
experiments. Adapted from Ref. [16] 
 
Figure 6.9 Maximum Si-diode signals from Ar and Kr gas-puff plasmas produced by the 
supersonic nozzle. Laser focal distance from the edge of the nozzle, z, is varied. Diode 
signals are normalized with respect to solid angle and detector sensitivity. Error bars 
indicate standard deviation when more than one shot was performed. 
The peak X-ray emissions measured by filtered Si-diodes is shown in Figure 6.9. As 
the distance z increases, the emissions decrease for both the Ar and Kr laser-irradiated gas 
puffs. This is most likely due to the density variations in the gas puff. As discussed in 
Section 5.1.2, the density of the gas puffs decreases with the distance z, whereas cluster 
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size increases. Kr is less susceptible to emission decrease than Ar and, as expected due to 
its higher charge state [Ar+16 vs Kr+26 (Figure 6.26)], has stronger X-ray radiation than Ar 
>1.4 keV. The 3.5 keV diode signals are similar for both Kr and Ar, suggesting that the 
discrepancy at 1.4 keV is due to the higher intensity of Kr L-shell line emission compared 
to K-shell Ar. Though, higher electron temperatures were also reached in the Ar laser-
irradiated gas puffs [13]. Additionally, the cluster size and density of the Kr laser-irradiated 
gas puffs has a weaker dependence on the distance z compared to Ar (Figure 5.6 and Figure 
5.14), providing a possibly explanation behind why Kr shows a less intense decrease in 
emissions. 
As described in Chapter 5, gas-puff density and cluster size have contrasting behavior 
as a function of the distance z: density decreases while cluster size increases. Both density 
and initial cluster radius contribute to laser energy absorption efficiency and plasma 
heating, where higher local density and an optimum cluster radius [5] are desired. For 
Leopard laser and linear gas-puff parameters, the ideal distance z is, therefore, 1 mm. The 
coefficient of conversion of laser energy into >2.4 keV photons also diminishes as the laser 
focal spot is moved farther from the nozzle exit, as seen in Figure 6.10. Again, this is most 
likely due to the strong coupling of gas-puff density to laser absorption. Unfortunately, 
spectrometers were not fielded for shots when the distance z was changed, and no 




Figure 6.10 Conversion coefficient ε of short laser pulse energy to X-rays for Kr and Ar 
laser-irradiated supersonic gas puffs at various distances between the laser focus point 
and nozzle exit. Error bars denote standard deviation when multiple shots at the same 
distance were performed. Figure adapted from Ref. [13]. 
6.1.4 Laser Pulse Length Effects on Gas-puff Plasma Emissions 
The Leopard Laser can operate at two laser pulse lengths: 350 fs (short pulse) or 800 
ps (long pulse). There is a difference in beam intensity as well, with the long pulse having 
an intensity on the order of 1016 W/cm2 and the short pulse with 1019 W/cm2. The temporal 
length of laser interaction with clusters can change the which processes dominate heating 
and emissions. Larger signals were observed when irradiating Ar gas puffs of comparable 
parameters with the short pulse Leopard laser (Figure 6.11). The length of the X-ray burst 




Figure 6.11 3.5 keV Si-diode signals from Ar gas-puff plasmas irradiated by an 800 ps 
(long) or 350 fs (short) pulse. Adapted from Ref. [13]. 
6.1.5 Laser Pulse Contrast Effects on Gas-puff Plasma Emissions 
When planning to transition from the Leopard to the Titan Laser, the higher relative 
energy of the pre-pulse was a concern. Pre-ionization of the clusters causes expansion of 
the clusters due to Coulomb repulsion before the main laser pulse, inhibiting laser 
absorption by the clusters due to the reduced cluster density. In other studies, this has led 
to a decrease in X-ray emissions [27], [49], [53]. Therefore, an experimental campaign was 
planned to study the effect of the Leopard laser pulse contrast on gas-puff plasmas. As 
discussed in Section 3.1, the laser pulse contrast is the ratio between laser peak intensity 
Ipeak and the pre-pulse intensity Ipre. The Leopard Laser can be operated with K=10
5 
(𝐼𝑝=10
14 W/cm2) or K=107 (𝐼𝑝=10
12 W/cm2). 
Diagnostics and the experimental setup used are the same as presented in Figure 6.8. 
To repeat, three detector packages were fielded: one vertical and two horizontal. These will 
be referred to as the Vert, H90, and H15 detector groups for brevity. The vertical detector 




















the y-axis within the x-y plane. Each detector group housed three Si-diodes and a PCD; 
two Faraday cups observed the plasma from the Vert and H15 groups. Only the XeKrArI 
and 15Kr-85Ar mixtures were tested with both high and low contrast laser pulses. The 
shots were chosen for comparison for having similar laser pulse energy. 
The maximum Si-diodes signals for single shots in different spectral and spatial-
viewing regions for the two gas mixtures are shown in Figure 6.12. The attentive reader 
may note the anisotropy of radiation; this will be discussed in Section 6.1.7 in tandem with 
Titan laser results. Each puff had a gas valve backing pressure of 600 psi and XeKrArI 
results are shown for two gas delay timings.  
Figure 6.12 demonstrates that X-ray yield depends insignificantly on laser pulse 
contrast. For a gas delay timing of 1000 μs (XeKrArI), the yields in the softest (1.4 keV) 
region for contrast K=105 were several percent higher than for K=107, were close or even 
smaller for 3.5 keV, and decreased to 40% in the hardest region of 9 keV. The differences 
X-ray yield for the 15Kr-85Ar mixture at a gas delay timing of 1000 μs follow the same 
pattern as the XeKrArI 830-μs puffs. On the other hand, yields for the XeKrArI 830-μs 
laser-irradiated gas puff indicate that the low contrast pulse produced smaller signals on 
the 1.4 keV Si-diodes and 2.4 keV PCDs and similar or a little larger for the 3.5 keV Si-
diodes. In fact, in the hardest spectral region, reducing laser contrast increased the X-ray 
yield. These results could offer a practical way to tune the radiation spectra to favor higher 




Figure 6.12 Normalized Si-diode maximum signals from single shots of (a) XeKrArI 
(830 μs), (b) XeKrArI (1000 μs), and (c) 15Kr-85Ar (1000 μs) gas puffs irradiated by 
laser pulses with different contrasts. (a) and (b) are adapted from Ref. [16]. Gas valve 
backing pressure was 600 psi. 
Table 6.1 further emphasizes the point that changing the laser pulse contrast does not 
decrease and, in some cases, even increases the X-ray yield. The table presents the 
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coefficient of conversion in three viewing directions. Recall that this is found by integrating 
the absolutely-calibrated PCD signal in time and space and is therefore a better measure of 
total yield than the maximum Si-diode signals. Note that each measurement is integrated 
over 4π, giving the total radiated energy independent of other measurements. 15Kr85Ar is 
more sensitive to changes in K than XeKrArI and, at the lower value of K (with a 
significantly smaller laser energy), had an 80% increase in X-ray yield in all directions. 
Similar results have been found in Refs. [23], [142], contrary to other studies with pure gas 
jets (Ar, Kr and Xe) [24], [27], [53]. 
  Coefficient of Conversion (x10-4) 
Gas (Delay 
Timing in μs) K 
Laser Beam 
Energy (J) H15 Vert H90 
XeKrArI (1000) 107 16.7 3.03 1.36 3.11 
XeKrArI (1000) 105 17.3 2.47 1.18 2.9 
XeKrArI (830) 107 17.0 2.05 0.990 2.52 
XeKrArI (830) 105 17.6 2.42 0.886 2.53 
15Kr-85Ar (1000) 107 17.6 2.39 0.921 2.51 
15Kr-85Ar (1000) 105 14.5 4.32 1.76 4.57 
Table 6.1 For XeKrArI and 15Kr-85Ar, the coefficient of conversion for X-ray radiation 
>2.4 keV measured by three calibrated PCDs in different locations as defined in Figure 
6.8 for different laser pulse contrast ratios, K. Gas valve backing pressure was held at 600 
psi. 
6.1.6 X-ray and Electron Emissions of Pure and Mixed Laser-irradiated Gas Puffs 
A total of seven gas target types, detailed in Section 4.2, were investigated as X-ray 
sources over the course of two Leopard laser and one Titan laser experimental campaigns. 
Section 6.1.6.1 details the results from the Leopard laser campaigns using all seven gas 
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targets and Section 6.1.6.2 provides conclusions regarding the Titan laser campaign using 
the five most promising gas targets. Experimental details will be given in each section. 
6.1.6.1 X-ray and Electron Emissions at the Leopard Laser    
The following results were obtained from experiments at the Leopard Laser over two 
experimental campaigns using the linear, supersonic nozzle. In the first experimental 
campaign, Leopard laser pulses irradiated Ar, Kr and 15Kr-85Ar gas puffs. The second 
campaign used XeKrArI, XeKrArII, 5Kr-95Ar, 15Kr-85Ar, and pure Xe as target gases. It 
will be noted if comparisons are made between the two campaigns because the focusing 
mirror inside the Phoenix chamber was changed.  
All shots utilized the laser’s short-pulse, high-contrast regime and laser energies varied 
between 12-18 J, with an average intensity of 1x1019 W/cm2. Gas valve backing pressure 
remained constant at 600 psi, but gas delay timing was controlled and varied. The position 
of the focal spot was not varied and was placed at the center of the gas jet with the 
propagation of the beam was along View 1, as shown in Figure 6.8. During these 
experiments, the distance of the focal spot from the edge of the nozzle (the z position) was 
constant at 1 mm. 
The general experimental setup for both Leopard campaigns is displayed in Figure 6.8 
and the same nomenclature for detector group names associated with said figure (in Section 
6.1.5) is used here. Time-resolved diagnostics include: three sets of Si-diodes in each 
detector group with filter cut-off energies 1.4, 3.5, and 9 keV, three 2.4 keV PCDs (one in 
each group), and two Faraday cup detectors (one in the Vert group, one in the H15 group) 
with 4-μm Al shielding let electrons with >19 keV energy pass through. To protect the Si-
diodes and PCDs from ion and electron impacts, 0.5-T permanent magnets were mounted 
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between the detectors and the plasma. Two time-integrated pinhole cameras were located 
near the Vert and H15 detector groups. And the Johann X-ray spectrometer with Si crystal 
was positioned near the H90 group.  
The X-ray bursts produced from the supersonic Ar, Kr, and 15Kr-85Ar laser-irradiated 
gas puffs lasted from 2-7 ns and have a sharp forefront with a gently sloped trailing edge 
in all observed spectral regions, as shown in Figure 6.13. The sharp forefront is a result of 
the instantaneous (<1 ps) absorption of laser energy during the pulse and is unresolvable 
due to the detector’s response time (~1 ns). The gentle tail of the pulse is most likely the 
result of radiative cooling of the expanded plasma, which occurs on a longer (ns) timescale, 
see Section 6.1.1. The shape of these pulses remained consistent for later campaigns and 




Figure 6.13 . Non-normalized X-ray bursts from (a) pure Ar, (b) pure Kr, and (c)15Kr- 
85Ar laser-irradiated gas puffs (gas delay time 1000 µs, backing pressure 600 psi). Figure 
from Ref. [13]. 
X-ray spectra detected with the Johann Si crystal spectrometer from Kr and 15Kr-85Ar 
laser-irradiated gas puffs are shown in Figure 6.14 and Figure 6.15. With its high spectral 
resolution 1200 (λ/∆λ), the Johann spectrometer in its Kr position is able to distinguish 2-
4 transitions. The dominance of the Na-like (Kr+25) and Ne-like (Kr+26) Kr spectral features 
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indicate a lower temperature and higher electron density compared to Ar with Te = 400 eV 
and ne ~10
21 cm-3. Synthetic spectra calculated at a lower temperature, but with the 
inclusion of a small fraction of hot electrons (1-3%) leads to a similar fit of the Kr spectra; 
an effect discussed in Ref. [143]. Therefore, the presence of hot electrons in the Kr plasma 
is possible supported by electron emissions detected by Faraday cups. 
 
Figure 6.14 Pure Kr X-ray experimental spectra (top) and lineout of the film (middle) 
captured with the Johann type spectrometer with Si crystal. Theoretical synthetic spectra 
(bottom) are calculated at Te=400 eV and ne=10
21 cm-3. Figure from Ref. [13]. 
In Figure 6.15, the Johann spectrometer was in its (a) Kr and (b) Ar positions for two 
identical shots to capture both spectra. The Kr spectrum for the mixture is very similar to 
that of pure Kr, with a slightly higher electron temperature of Te = 450 eV and ne ~10
21 cm-
3. Most importantly, however, is the sole presence of the Ar Kα, as observed in the spectrum 
of a subsonic Ar laser-irradiated gas puff (Figure 6.7). Therefore, it was concluded that Ar 
forms clusters inefficiently when in mixture with Kr, as predicted in Ref. [61], which is a 
very important result. Kr, however, does cluster when in mixtures with Ar and Xe. 
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Considering that Ar does not cluster in the mixture, the X-ray yields with only 15% 
volume of Kr were like that of pure Kr, as shown in Table 6.2. The measured ε was between 
10-4-10-3. Experimental deviation of the measurements was estimated to be around ±15%. 
In the H15 diagnostic group, ε for 15Kr-85Ar was 20% and 50% higher than pure Ar and 
Kr, respectively. The initial idea to generate higher X-ray efficiency was to add an impurity 
gas (Kr) to a lighter carrier gas (Ar), enhancing cluster formation of the impurity gas. The 
easily ionizable carrier gas will start at a higher initial ionization stage, leading to faster 
ionization of the heavy impurity gas. This experimental campaign supports this hypothesis. 
 
Figure 6.15 (a) Kr and (b) Ar X-ray spectra from two shots of a 15Kr-85Ar laser-
irradiated gas puff captured with the Johann type spectrometer in two of its orientations. 
(a) Kr X-ray spectra are compared with theoretical modeling [(a), bottom] with Te = 450 
eV and ne ~10
21 cm-3. Figure from Ref. [13]. 
Peak electron beam current measured with a Faraday cup for Leopard laser experiments 
(electron cutoff energy greater than 19 keV) was ~0.6 kA produced in the XeKrArI gas 
puffs. The 15Kr-85Ar mixtures created a lower peak of the electron beam current of 0.2 
kA. Note that the peaks of the electron beams were correlated in time with the X-ray bursts 





in 4π above 2.4 keV 
H15 
Total radiated energy 
(mJ) and  
Vert 
Total radiated energy 
(mJ) and  
Ar 7.2 and 4.7 x 10-4 1.3 and 8.4 x 10-5 
Kr 8.8 and 5.6 x 10-4 3.3 and 2.1 x 10-4 
15Kr-85Ar 10.8 and 7.2 x 10-4 2.3 and 1.5 x 10-4 
Table 6.2 For Ar, Kr and 15Kr-85Ar, the average total energy emitted in 4π solid angle 
and average  in the spectral region >2.4 keV measured with absolutely calibrated PCD 
detectors (delay time 1000 µs for each gas puff). Table adapted from [13] 
A comparison of the X-ray pinhole images from the supersonic laser-irradiated gas puff 
show that the three plasmas are similar in size. Typical images at three different cut-off 
energies (recorded from a single shot with a three-channel pinhole camera) are seen in 
Figure 6.16a for a Kr laser-irradiated gas puff. The full width half maximum (FWHM) of 
the X-ray emitting regions imaged by the pinhole cameras decrease with increasing cut-off 
energy (Figure 6.16b), with a minimum size of 200 μm at 3.5 keV. This indicates that the 
plasma is nonuniform in temperature with a compact, hot core at the laser focal spot. The 
Rayleigh length of the Leopard laser is 75 μm, giving a confocal length 2𝑧𝑅 of 150 μm. 
Given that this is on the same order at the minimum spot size at 3.5 keV, there was no 




Figure 6.16 (a) Representative X-ray pinhole images of a Kr supersonic laser-irradiated 
gas puff at a gas delay of 1000 μs. Filter cut-off energy is inlaid on each image and a 1 
mm scale is also included. (b) Size of the X-ray emitting regions at three photon energies 
for Kr, Ar, and 15Kr-85Ar. 
The second campaign focused on comparing the four gas mixtures to each other and to 
pure Xe. First, the laser heating experiments have shown that 15Kr-85Ar and 5Kr-95Ar 
mixtures have approximately the same X-ray yields in the spectral regions of interest 
(Figure 6.17). Signals in the 1.4 keV region were 20% larger for the 5% mixture, while the 
maximum signals were very similar for the other Si-diodes. On the other hand, in the 2.4 





Figure 6.17 Comparison of the two double mixtures’ normalized Si-diode maximum 
signals from single shots at the same gas delay timing of 1000 μs. 
 
Figure 6.18 Unnormalized X-ray bursts from (a) pure Xe and (b) XeKrAr I laser-
irradiated gas puffs. Figure adapted from Ref. [16]. 
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The temporal shape of the X-ray bursts for Xe and the triple mixtures have the same 
shape observed in earlier experiments with Ar and Kr, as seen in Figure 6.18, with the 
sharp forefront and an elongated tail that persists up to 10 ns after the peak emission burst. 
The signals for XeKrArII are not shown, but follow the established trend. In general, the 
maximum X-ray burst signal measured by Si-diodes was larger for XeKrArI than for 
XeKrArII; however, the spread in measurements (Figure 6.19) makes it difficult to 
conclusively choose which mixture yields a greater amount of X-ray radiation. 
 
Figure 6.19 Si-diode signals for the two triple mixtures with a backing pressure of 600 psi 
in three spectral regions: (a) >1.4 keV, (b) >3.5 keV, and (c) >9 keV. Error bars indicate 
standard deviation of the averaged shots. Adapted from Ref. [15]. 
Therefore, the coefficient of conversion ε and total radiated energy is compared for 
pure Xe and several mixtures, see Table 6.3. Since it is a temporally-integrated parameter, 
it should be a more stable measurement than looking at peak signals. For this laser 
campaign (the second on Leopard presented in this section), values of ε were as good as 
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0.03% conversion to >2.4 keV X-ray radiation. At comparable gas-puff parameters, each 
mixture radiated more and more efficiently than pure Xe. The addition of Kr and Ar as 
lighter carrier atoms appears to have increased the efficiency of X-ray generation; this 
could be due to the increase in density of the gas jets or it could be due to a more complex 
process such as cluster generation efficiency. 
Gas target type 
H15 
Total radiated energy (mJ) and  
15Kr-85Ar 4.2 and 2.8 x 10-4 
Xe 3.7 and 2.5 x 10-4 
XeKrArI 5.1 and 3.4 x 10-4 
XeKrArII 4.3 and 2.9 x 10-4 
Table 6.3 Xe vs the triple mixtures and 15Kr-85Ar in terms of total radiated energy in 4π 
and in terms of ε. Gas-puff backing pressure was 600 psi and gas delay was 830 µs. 
Adapted from Ref. [15]. 
To further characterize the differences between the pure and mixed Xe gas-puff 
plasmas, the Johann spectrometer was used to diagnose Ar and Kr spectral lines. L-shell 
Kr spectra of XeKrArI is shown in Figure 6.20a fit with the theoretical spectrum calculated 
at ne = 10
21 cm-3 and Te = 450 eV; similar results were observed in XeKrArII. Again, when 
oriented to detect Ar K-shell emissions, the Johann spectrometer detected only the Ar 
“cold” Kα line (Figure 6.20b) that has come to indicate the absence of Ar clusters in the 
gas puff [13], [15], [16], [59]. For pure Xe, only strong unresolved X-ray spectra (4.1-4.6 
keV) were obtained in this campaign. The X-ray spectra of the mixtures do cover a broader 
spectral range as compared to pure laser-irradiated gas puffs. With the XeKrAr and KrAr 
mixed sources, we recorded spectra covering at least 2.2-4.6 keV and 2.2-3 keV [13]. In 
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contrast, L-shell Kr spectra were observed in the range of 2.2-2.4 keV and Ar radiated 
strong K-shell line spectra near 3-1-3.2 keV [13]. 
 
Figure 6.20 (a) L-shell Kr X-ray spectra, and (b) “cold” K Ar X-ray line obtained with 
Johann spectrometer from XeKrAr I laser-irradiated gas puff from two shots. Gas delay 
time was 830 µs and backing pressure was 600 psi. The modeling result is the dashed 
line. Figure from Ref. [16]. 
6.1.6.2 X-ray and Electron Emissions at the Titan Laser 
This section will serve as the bulk of text for a soon-to-be-published article based on 
the presentations given in References [144], [145]. The author is currently awaiting 
comments from one co-author. Experiments at LLNL with the Titan laser were conducted 
with the linear, supersonic nozzle, using Ar, Kr, Xe, XeKrArI and 15Kr-85Ar gases, and 
10-μm silver (Ag) and molybdenum (Mo) to compare laser-irradiated gas puffs and the 
112 
 
more typical solid foils as X-ray sources. The suite of experimental diagnostics is shown 
in Figure 6.21. As in the Leopard campaigns, the time-resolved diagnostics viewed the 
plasma from three directions: one vertical and two horizontal. The horizontal packages are 
positioned at angle θ, measured from the direction of laser beam incidence, and the vertical 
package looks directly down on the gas puff. Again, the detector group will be referred by 
its angle, e.g. H80 is the horizontal package located at θ=80º and H130 is at θ=130º. Each 
package consists of three Si-diodes, filtered to record X-ray emission in three spectral 
regions: 1.4, 3.5 and 9 keV. The PCD was housed in the vertical detector package with a 
filter cut-off energy of 2.4 keV. Filter cut-off energy is defined by the 1/e transmission of 
the filter and represents a lower energy boundary on detected photons. To protect the Si-
diodes and PCDs from ion and electron impacts, 0.5-T permanent magnets were mounted 
between the detectors and the plasma.  
 
Figure 6.21 Schematic of Titan plasma diagnostics. Laser beam polarization is normal to 
both gas puff and laser propagation direction, i.e. into and out of the page. Angle of 




An X-ray pinhole camera was part of the Vert detector group. A Faraday cup detector 
with 12.5 μm Cu filters, with cutoff energy of 72 keV, was employed for electron beam 
measurements. It was located along the laser propagation direction, behind the gas puff 
with respect to laser beam propagation (θ=150°). High energy electron spectra (>100 keV) 
were recorded on a shot-by-shot basis by the EPPS with imaging calibrated plate strips 
(BAS-SR 2040). The plates were scanned by an FLA-7000 IP scanner. In order to obtain 
data on the absorption or reflection of laser energy by the gas puff, a calibrated scattering 
plate made of Spectralon® (Labsphere® Inc.) was coupled to a 16-bit Andor DV434 CCD 
camera and filtered with various neutral density optical glass filters. 
 
Figure 6.22 Pinhole camera images at 1.4 keV for 15Kr-85Ar and XeKrArI at different 
gas delay timings with a 1-mm line in each image. 
First, pinhole images of the two mixtures at each of the tested gas delay timings are 
shown in Figure 6.22. The X-ray emitting regions at energies >1.4 keV vary in length 
depending on gas delay and are longest at gas delay timings of 600 and 1200 μs. This 
lengthening of the plasma is evidence of laser self-focusing within the plasma. At the 1200 
μs delay time, the edges of the plasma are less defined, indicating that heating extended 




Figure 6.23 Peak Si-diode signals as a function of either average gas-puff density (a, c) 
and gas delay time (b, d) for two X-ray energy regions >1.4 keV (a, b) and >3.5 keV (c, 
d). Error bars denote standard deviation. 
Peak X-ray emission signals measured by Si-diodes in the H80 detector package and 
filtered to detect photons of >1.4 and >3.5 keV are presented in Figure 6.23. For better 
overview of the results, the X-ray emission is compared between gases through a physical 
parameter, the gas-puff density (Figure 6.23a and c), and a controllable experimental 
parameter, the gas delay time (Figure 6.23b and d). In both spectral regions for a given gas, 
the X-ray emission is not a strong function of either gas-puff density or gas delay time; 
however, general trends can be seen. For example, a decrease in density corresponds to a 
decrease in diode signal. Xe emits the highest amount of radiation (>1.4 keV) followed by 
Kr and then the triple mixture, with the maximum amount of radiation occurring at similar 
densities. Radiation from plasmas is generated through bremsstrahlung, recombination, 
and line emission. The strength of each depends on electron density, electron temperature, 
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and charge state of the plasma. Previous results [13], [16] have shown that the different 
laser-irradiated gas puffs exhibit similar electron densities and temperatures. Therefore, 
charge state is an important parameter governing the power losses to radiation. In general, 
the power loss scales as Zx, where Z is the charge of the ion and x is greater than 1. For 
bremsstrahlung and recombination [146] radiation, x=2 and, using previously found charge 
state of He-like Ar and Ti-like Xe [92] gives a 5x increase to emitted radiation for Xe. The 
3.5 keV emission is also greatest for Xe, but the strength of the Ar signal increases relative 
to the other gases in this higher energy region.  
We see that the 15Kr-85Ar mixture exhibits the strongest relationship between 
density/delay time and X-ray emission and has the lowest peak emission at delays of 600 
and 1200μs, corresponding to densities of 1.39 and 1.71x1019 cm
-3. Data were also 
collected from Si-diodes with a filter cut-off energy of 9 keV. The signals from that diode 
were too small to be distinguished from the noise with the exception of the Xe gas-puff 
targets. In addition to having the largest softer (< 9 keV signals), the Xe laser-irradiated 
gas puff also produced the highest peak hard (> 9 keV) X-ray emission. 
The addition of the Spectralon® scattering plate to the Titan experiments gave us the 
ability to determine another parameter of critical importance for the laser-gas puff 
interaction: laser transmission through the plasma-gas puff system. As defined by Equation 
4.4.10, the fraction of laser energy absorbed by the gas puff is α. To repeat, the calculated 
α places an upper bound on the energy absorbed by the gas puff and plasma. The critical 
density of the 527-nm Titan Laser is 4x1021 cm-3, meaning that the laser-irradiated gas-puff 
plasmas with electron densities commonly on the order of 1019 cm-3 is classified as an 
underdense plasma. Therefore, the laser beam is free to propagate through the plasma with 
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minimal backscatter. The absorbed energy can then be converted into X-ray radiation. This 
conversion is, of course, ε. Due to anisotropy of the X-ray radiation, addressed in previous 
studies [13], [15], [16] and later in this work, the values presented here provide an 
overestimation of ε. 
 
Figure 6.24 Coefficient of conversion ε and absorbed laser energy α as a function of gas-
puff delay. Error bars denote standard deviation. 
The relationship between ε and α is shown in Figure 6.24. With increasing delay 
time (i.e. gas-puff density), both the energy absorption and conversion efficiency into X-
rays increase. Maximum ε reaches 4.5x10-4 and laser energy absorption approaches 100% 
for most of the gas targets. For further increase of the delay time, α remains constant at 
>95%, however, the conversion efficiency sharply decreases. Figure 6.25 displays the data 
for ε in terms of gas-puff density rather than gas delay timing. We theorize that  is 
controlled more by the gas-puff density than the energy absorbed by the gas puff. Indeed, 
Figure 5.8 and Figure 6.25 demonstrate that the decrease in ε at the longer delays correlates 
with the decrease in density of the gas-puff targets. It is clear that the gas-puff density plays 
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a leading role in the conversion of laser energy to X-rays, as would be expected due to the 
ne
2 dependence of bremsstrahlung and recombination radiation rates. However, there are 
competing effects, such as the magnitude of laser absorption that also affects the X-ray 
emission, that must also be considered. 
 
Figure 6.25 Coefficient of conversion as a function of gas-puff density. Error bars 
display standard deviation.  
In the Titan experiments, Xe consistently has the highest laser absorption and the 
mixtures (XeKrArI and 15Kr-85Ar); however, for a given density, Kr has the highest 
conversion efficiency and XeKrArI mixture has the smallest. Further examining 15Kr-
85Ar, illustrates the complexity and issues with explaining the phenomena observed in gas 
puff-laser plasmas. 15Kr-85Ar has the lowest α, the second highest coefficient of 
conversion, and roughly average emissions in the 1.4 and 3.5 keV spectral regions. 
Comparing pure Xe laser-irradiated gas puffs and the 15Kr-85Ar mixture in Figure 6.23, 
the difference between the two decreases at higher spectral regions. The emission for the 
mixture increases compared to Xe for the ε measurements (Figure 6.24) and is due to the 
chosen filters (>2.4 keV), which are sensitive to K-shell Kr and Ar Kα, both having strong 
emission spectra in the double mixture [13]. 
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The fact that the pure gases have stronger signals is surprising considering that, as 
described in Section 6.1.6.1, our previous results [16] showed that the mixtures produced 
the strongest radiation bursts. As a reminder, the experiments in the present section were 
conducted at the LLNL’s Titan laser. The experiments in the prior section took place at the 
Leopard laser. The most significant differences between the two systems are the laser pulse 
length (τleopard = 350 fs and τtitan = 700 fs) and the wavelength (λleopard = 1.057 μs and λtitan = 
527 nm). The effects of pulse length on laser-clustered gas interactions have been studied 
[30], [147]–[150] and generally report that shorter pulse lengths increase X-ray yield, 
possibly due to laser self-focusing within the plasma. Laser wavelength has also been 
shown to effect X-ray emission in clusters [53], [150]–[153]; according to the referenced 
articles, varying wavelength can either increase or decrease yield. The radiation efficiency 
of clusters, a parameter similar to our ε, has been shown to have a wavelength dependence 
as well [22]. Overall, the emission of the gas-puff plasmas is stronger at the Titan laser, as 
expected. The coefficient of conversion was up to 3 times larger for the Titan laser 
compared to the Leopard laser. In our combined studies, the X-ray generation in pure gases 
is enhanced compared to the mixed gas targets when moving to a longer pulse length, 
shorter wavelength, and higher laser intensity. At this point we are unable to separate the 




Figure 6.26 X-ray L-shell Kr spectra of (a) pure Kr and (b) 15Kr-85Ar (830 μs) recorded 
on film (top) in the KAP convex crystal spectrometer. Non-LTE modelling is shown in 
red (middle) and the lineout, box on the film, is in blue (bottom). 
Spectroscopic Non-LTE kinetic modeling of 2-3 transitions in L-shell Kr is used to 
estimate plasma electron temperature and density. Modeling also describes the 2-4 
transitions and indicate optically thin Ne-like Kr lines. Electron density is estimated by 
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matching intensity of 3F and 3G lines. In the mixtures, line broadening and the fact that 
the Ne-like 3C intensity is lower than 3D indicates an optically thick 3C Ne-like Kr line. 
In the L-shell Kr spectral range, both Kr and 15Kr-85Ar radiate in similar spectral ranges. 
However, the mixture also emits radiation around K-shell Ar (~3.1 keV); a pattern 
continuing for the other pure vs mixed gas-puff comparisons. The mixed laser-irradiated 
gas puffs provide broader and stronger emission line spectra for X rays than pure gas puffs: 
KrAr sources cover 1.65-3.1 keV and XeKrAr sources cover a 0.9-3.1 keV region from Xe 
M-shell [16] to Ar K-shell. For comparison, Ar radiates line K-shell spectra near 3.1 keV, 
L-shell Kr covers a range 1.65-2.5 keV, and M-shell Xe radiates in a region 0.85-1.1 keV. 
Therefore, even though the mixtures did not produce stronger radiation at Titan than the 
pure gas puffs, they are promising X-ray sources due to their wider emission spectra.  
Faraday cup signals for electrons with energy >72 keV were collected along the laser 
beam path directly behind the gas puff (Figure 6.21, see θ=60°). Figure 6.27 indicates that 
electron beam current is relatively independent of gas delay; however, the gas target type 
does affect the current’s magnitude. XeKrArI exhibits the highest peak electron beam 
current at 0.76 kA, which is 50% larger than both 15Kr-85Ar and pure Ar with the smallest 
current at around 0.5 kA. In Section 6.1.6.1, it was reported that XeKrArI at the Leopard 
laser gave a peak beam current of 0.6 kA, meaning a 20% increase in current for was 
achieved. An even larger increased was observed with 15Kr-85Ar. At Leopard, an electron 
beam current of 0.2 kA was observed for 15Kr-85Ar, compared to 0.5 kA on the Titan 
laser, a 2.5x increase. 
When the electron beam current is displayed in terms of gas-puff density (Figure 
6.27a), the current of the mixtures has no clear dependence. However, for the pure gases, 
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we see that the strength of the electron beam is strongly affected by varying the density. 
This contrasts with the X-ray emission behavior given by the Si-diodes above (Figure 
6.23), where changing the pure gas-puff density had almost no effect on the X-ray output.  
 
Figure 6.27 Electron beam current as a function of gas delay time measured by Faraday 
cups. Error bars represent the standard deviation of the data when multiple shots were 
available. 
With experiments at the Titan laser, an EPPS unit was used to record spectra of >100 
keV electron and proton/ion beams. Pure Ar and the 15Kr-85Ar mixed gas puffs reliably 
produced measurable electron spectra. Observed spectra for several 15Kr-85Ar shots are 
shown in Figure 6.28 for multiple gas delay timings. While the number of detected 
electrons varies, the maximums occurred reliably at 0.5-0.6 MeV. The FWHM of the 
spectra varied between 0.2 and 0.6 MeV, with both the 600 and 1000 μs delay being on the 
lower side of the range. Laser-irradiated Ar gas puffs also produced high energy electrons 
peaking near 0.7 MeV. The recorded electrons are nonthermal and could not be easily fit 
to a Maxwell-Boltzmann distribution, supporting the spectroscopic results shown in Figure 
6.6.  
In contrast to 15Kr-85Ar and pure Ar, no high-energy electrons were detected for any 
shot with a pure Kr laser-irradiated gas puff. It was previously discussed (Section 6.1.6.1 
and Refs. [13], [16]) that Ar atoms in the mixed gas-puff targets do not cluster as evidenced 
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by the presence of the cold Kα line observed in a non-clustered gas puff. This spectroscopic 
line in the absence of more thermal X-rays (low background noise) indicates an electron 
beam in the plasma strong enough to produce inner shell vacancies. Therefore, Ar must be 
a strong factor in the production of high-energy (>100 keV) electrons. The peak of the 
electron spectra is consistent with the effective temperature of the "hot electrons", a fast 
electron component moving along the laser propagation direction, which is generated by 
sub-picosecond lasers at near-relativistic intensities. The scaling of the hot electron 
temperature with laser intensity and wavelength is well known [154], [155]: 
𝑇ℎ𝑜𝑡~(𝐼𝜆
2)1/3. For the frequency-doubled Titan laser, the Beg's formula[154], 
𝑇ℎ𝑜𝑡[𝑘𝑒𝑉] ≅ 100(𝐼17𝜆
2[𝜇𝑚])1/3, yields 𝑇ℎ𝑜𝑡~580 keV. This estimate agrees well the peak 
of the electron spectra measured in our experiment (Figure 6.28). 
 
Figure 6.28 Electron spectra recorded by the EPPS for different delays of the 15%Kr-
85%Ar gas-puff targets. s stands for shot number. 
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The EPPS did not record electron spectra for Xe and XeKrArI mixture laser-irradiated 
gas puffs. Out of the 11 XeKrArI shots, only one produced analyzable electron spectra 
which peaked sharply at 0.7 MeV (FWHM of 340 keV). All eleven Xe shots produced no 
spectra. The addition of Xe gas in the triple mixture seems to have decreased the energy of 
electrons detected at the EPPS location. The Faraday cup data supports the fact that the Xe 
and triple mixture plasmas produce electrons with at least 72 keV energy, so then: why 
were they not detected by the EPPS? It was surmised that the electron beam produced Xe 
pure and mixed puffs may have energy not exceeding the detection threshold of the 
spectrometer. Another reason may be due to electron beam interactions with gas-plasma-
vacuum boundaries or with the plasma itself.  
Collective effects within the plasma as well as boundary interaction with electron 
beams have been known to refract and focus/defocus the beams. Refraction of electron 
beams propagating through electron clouds has been a known phenomenon for many years 
[156]. Sharp density gradients at the back edge (θ=180º) of the gas puff induce gradients 
in the index of refraction of the gas/plasma medium at the vacuum boundary. Refraction 
of the electron beam will occur at this boundary [157]–[159]. If an electron beam passes 
through a plasma column boundary at an angle ϕ, the deflection angle of the beam [158] 








where β is a factor <2 for beams with length greater than the plasma wavelength, γ is the 
Lorentz factor of the electrons in the beam, 𝑒𝑁/√2𝜋𝜎𝑧 is the charge per unit length of the 
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beam, and re is the radius of the electron beam. Due to the position of the EPPS and its slit 
size, a deflection of only 0.5º with a small enough beam divergence could be enough to 
cause the electron beam to go undetected. Beam divergence can also be affected by 
gradients in the index of refraction along the boundary and collisions with ions in the 
plasma[159]. Rarely (one-three shots), 15Kr-85Ar gas-puff electron spectra were absent of 
signal. This lends support to the hypothesis that electron-beam plasma interactions render 
the beam undetectable by the EPPS due to beam deflection or energy loss. 
6.1.7 Anisotropy of Gas-puff Plasma X-ray Emissions 
Throughout all the Leopard campaigns, the same anisotropy was observed in X-ray and 
electron beam emissions [13], [15], [16]. X-ray yields in the horizontal viewing direction 
were generally larger than in the vertical direction (see Figure 6.12, Figure 6.17, Figure 
6.19, Table 6.1, Table 6.2); however, the location of maximum X-ray emissions varied 
when two horizontal detector groups were implemented. It must be repeated that the above 
values for ε are each integrated over 4π, giving the total radiated energy independent of 
other measurements. The measurement of ε was only taken in three locations. This is not 
enough information to provide the detail necessary to recreate the angular distribution of 
X-ray emission; therefore, no adjustments to account for the anisotropy of radiation were 
taken. 
To provide additional confirmation, Figure 6.29 demonstrates that X-ray radiation from 
the 15Kr-85Ar laser-irradiated gas puff is emitted anisotropically, with maximum emission 
radiated perpendicular to the Leopard laser beam polarization, i.e. horizontally. Recall that 
the Leopard laser is oriented with s-polarization, normal to the lab floor. The anisotropy 
(ratio of “horizontal” to “vertical” yields) is about 5. Interestingly, the anisotropy of X-ray 
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emission intensity from 15Kr-85Ar varied in different spectral regions: it is smaller in the 
softer X-ray range (1.4 keV, 2.4 keV) and rising with increasing X-ray photon energy (3.5 
keV and 9 keV).  
 
Figure 6.29 Normalized and integrated spectral distribution of X-ray emissions (including 
line, recombination, and bremsstrahlung radiation) from a 15Kr-85Ar laser-irradiated gas 
puff in wide spectral range. Vertical axis shows X-ray intensity in arbitrary units, 
horizontal axis shows X-ray photon energy in selected energy bins. The term “cluster” in 
this illustration means a group of X-ray detectors. The gas delay time was 1000 µs and 
backing pressure was 600 psi. Figure from Ref. [13]. 
The data in Figure 6.29 are combined results from the Si-diodes and PCDs in the 
different detector clusters. Signals were integrated in time and then normalized with respect 
to the PCDs using cross-calibration constants. This gives a rough energy spectrum of the 
X-ray yields, whose slope is related to the temperature of the plasma. Therefore, the 
temperature of the bulk plasma can be compared in different directions as well and is found 
to be anisotropic as well (Figure 6.29). It is higher in the H15 direction (slope is smaller) 
and lower near H90 (slope is higher).  
Similar results were obtained with the other laser-irradiated gas puffs and those from 
the XeKrArI gas puff are shown in Figure 6.30. X-ray radiation from the XeKrArI gas puff 
in the spectral region 1.4–9 keV confirmed the previous results that such a jet emitted X 
rays anisotropically with maximum radiated energy perpendicular to laser beam 
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polarization. The anisotropy of X-ray emission intensity from XeKrArI varied in different 
spectral regions: It is smaller for softer X rays (1.4 keV and 2.4 keV) and rises with 
increasing photon energy (above 3.5 keV). The slope of the ‘spectrum’ was higher 
orthogonal to laser beam polarization, i.e. in the horizontal direction, and therefore, a 
smaller temperature was observed from that direction. Electron beams produced in the 
plasma were also anisotropy. They were stronger along the z axis than near the horizontal 
15° direction. The intensity of the 15% Kr–85% Ar jet electron beam was anisotropic also: 
stronger in the near horizontal 15° direction than in the vertical direction.  
 
Figure 6.30 Normalized and integrated spectral distribution of X-ray emissions (including 
line, recombination, and bremsstrahlung radiation) from a XeKrArI laser-irradiated gas 
puff in wide spectral range. Vertical axis shows X-ray intensity in arbitrary units, 
horizontal axis shows X-ray photon energy in selected energy bins. The term “cluster” in 
this illustration means a group of X-ray detectors. The gas delay time was 830 µs and 
backing pressure was 600 psi. Figure from Ref. [16]. 
Anisotropy of X-ray radiation in laser-produced plasmas could be attributed to several 
different processes, not limited to the following. First, in the case that the laser focus spot 
is not perfectly centered on the gas puff, the emitted radiation could be scattered or 
reabsorbed by the surrounding plasma and unionized gas [160]. This could be a significant 
factor parallel to the gas-puff propagation direction as most of the puff is between the 
127 
 
plasma source and detectors. Second, plasma oscillations in the direction of the laser’s 
electric field give rise to dipole radiation that is strongest perpendicular to the laser 
polarization direction [161] and should be amplified by the presence of dense clusters in 
the supersonic jets with initial density inside clusters around 1023 cm-3. Finally, for solid 
targets, strong anisotropy in the X-ray radiation can be explained by electrons that penetrate 
the bulk of the target and that are ejected via bremsstrahlung processes [162]. 
 
Figure 6.31 Transmission of X-ray photons through Ar gas a varying (a) path length, (b) 
temperature, and (c) pressure. (d) is a comparison of Ar, Kr, and Xe at two pressures. 
First, let us discuss the transmission of X-ray radiation through the gas puff, Figure 
6.31. Variations in gas thickness (path length), temperature, photon, and type are explored 
using the Berkeley X-ray transmission through gases dialog [101]. From Figure 6.31c, it is 
clear that pressure has the greatest effect of photon transmission. The pressure in the gas 
puff is inferred to be around 1 Torr using the ideal gas law with density ~1025 m-3 and 
temperature 100 K as measured by interferometry and MHD modelling. Therefore, even 
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though photons travelling vertically up towards detectors must propagate through a longer 
length of cold gas, transmission of X rays should not be anisotropic due to absorption by 
the surrounding neutral gas puff. 
Next, the effects of laser beam polarization on X-ray emission must be considered. The 
Leopard laser results support the idea that dipole radiation induced by laser beam 
polarization would increase X-ray emission orthogonal to the polarization direction, i.e. 
horizontally at Leopard. Interestingly, however, the same anisotropy of X-ray radiation 
was observed at the Titan laser, despite the polarizations of these two lasers being 
perpendicular to one another; the 2ω Titan laser is p-polarized. Titan laser induced X-ray 
anisotropy can be seen in the previous Figure 6.33 and here in Table 6.4.  
Strong X-ray anisotropy is observed in the Titan experiments, with the vertical Si-
diodes detecting the smallest radiation signals. The degree of anisotropy was determined 
for the two horizontal detector packages (H80 and H130) compared to the vertical package. 
It is defined as  
𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =  
𝐻𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑉𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙
𝐻𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑉𝑝𝑒𝑎𝑘 𝑠𝑖𝑔𝑛𝑎𝑙
.  
Equation 6.1.2 
The anisotropy was calculated for each laser-irradiated gas puff shot, then averaged over 
each delay time and each gas target type; hence this is an average for the entire 
experimental campaign on the Titan laser. The following observations were made. First, 
the anisotropy is constant regardless of gas target type. Second, it is relatively independent 






Average Degree of 
Anisotropy 
H80 (1.4 keV) 0.26±0.06 
H130 (1.4 keV) 0.24±0.07 
H80 (3.5 keV) 0.64±0.10 
H130 (3.5 keV) 0.73±0.178 
Table 6.4 Degree of anisotropy of X-ray emissions in two spectral regions for two 
horizontal detector positions. Results are averaged over the entire experimental 
campaign. 
Consequently, the observed X-ray anisotropy is not due to laser beam polarization 
inducing dipole radiation from the electron cloud. We observed the same anisotropy in the 
Leopard laser; the Leopard and Titan lasers have linearly polarized beams in orthogonal 
directions: vertical and horizontal, respectively. If the anisotropy was caused by laser beam 
polarization, we would have observed a change in the anisotropy that favor emission in the 
vertical direction for the Titan laser (perpendicular to laser beam polarization). 
6.1.8 Focal Spot Scan Effects on Gas-puff Plasma Emissions 
During the Titan laser campaign, additional experiments were done where the focal 
spot of the laser was scanned incrementally towards the front edge of the gas puff [144], 
[145]. As such, the setup of diagnostics matches that shown in Figure 6.21. Four 
consecutive Titan laser shots, focused laser radiation at the locations indicated in Figure 
6.32, produced drastic changes in electron and X-ray emissions from Xe laser-irradiated 




Figure 6.32 Location of the four shots taken at various values of y overlaid on the 
supersonic linear nozzle exit. 
Si-diode signals for focal scan sequence of shots is summarized in Figure 6.33. In the 
softer X-ray region (1.4 keV), the strongest signals are observed for y = 0 mm and decrease 
with increasing y. However, the harder regions tell a different story. The 3.5 keV H130 
diode detected the strongest peak X-ray emission. Throughout the entire Titan laser 
campaign, including the results in the previous section, signals on the 9 keV diode rarely 
rose above noise levels. A sharp jump in X-ray yield > 9 keV is observed for y = 1.5 mm. 
Signals from all diodes were saturated and films in both spectrometers were partially 
blackened, indicating a flash of X rays with tens of keV was produced. Even though the 9 
keV signals do not show the actual maximum due to the scope’s saturation during the shot, 
they are still presented to show the drastic difference in signal. Anisotropy of the radiation 




Figure 6.33 Xe gas-puff emissions for the laser focal scan measured by Si-diodes at (a) 
1.4 keV, (b) 3.5 keV, and (c) 9 keV. 
Of course, the coefficient of conversion for the Xe focal scan must be compared to that 
of the other gas target types and is shown in Figure 6.34. We see a six- to eight-fold increase 
in ε, in the vertical direction, upon moving the focal spot to the front edge of the gas puff; 
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this comes with no change to the absorption of the gas puff, meaning that another process 
must contribute to the increase in X-ray efficiency.  
Most impressively, this magnified ε is on the same order as reached by foil laser targets, 
Figure 6.35. Solid foils serve as typical targets for many laser plasma experiments. 
Therefore, during the Titan campaign, 10-μm Ag and Mo foils served as comparison for 
our laser-irradiated gas puffs. Surprisingly, the ε reached by Xe at y = 1.5 mm is only 1-2 
times smaller than the foils. 
 
Figure 6.34 Sharp increase in ε compared to all tested gases at 830 μs when the focal spot 
is moved to the front of the gas puff. 
 




Another profound difference occurred in both low- and high-energy electron emissions. 
Peak electron current during the Titan campaign hovered around 0.4-0.7 kA for all gas 
targets. However, laser-irradiated Xe gas puffs at y = 1.125 mm reached a peak current of 
1.52 kA, more than doubling the current of previous shots. 
Y (mm) 0 -0.75 -1.125 -1.5 
Electron Beam 
Current (kA) 
0.722 0.666 1.52 0.777 
Table 6.5 Electron beam current for >72 keV electrons measured by a Faraday cup. 
 
Figure 6.36 Xe focal scan electron spectra measured by the EPPS. 
EPPS data for the four focal scan shots further showcases the regime change witnessed 
in the other experimental areas. The y = 0, 0.75, and 1.125 mm spectra are plotted on the 
right axis of Figure 6.36, which has a maximum value of 3x109 /MeV/sr. The only y-value 
with measurable spectra is at 1.125 mm. In complete contrast to the narrow energy 
bandwidth of the other laser-irradiated gas puffs, Figure 6.28, a broad, strong spectrum 
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arose for y = 1.5 mm. The FWHM of the electron spectrum at x = 1.5 mm is 4 MeV, an 
order of magnitude larger than previous experiments with the range of the flat maximum 
region (at ~14x109 /MeV/sr) being 0.94-3.30 MeV. The tail of the spectrum was fit to a 
Maxwell-Boltzmann distribution of the form: 






where 𝐴 is a normalization constant, 𝐸 is the energy in MeV and 𝑘𝑇 is the temperature of 
the electrons in the beam in units of MeV. The results of the fit are shown in Figure 6.37 
and good agreement is shown between the data and the fit, which indicates the electrons 
have a temperature of 1.49 MeV. 
 
 
Figure 6.37 Maxwell-Boltzmann fit of the electron spectra (red line) from the laser-
irradiated Xe gas puff at y= -1.5 mm indicating an electron temperature of 1.49 MeV. 
Spectral data is represented by the black squares. 
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It is surmised that the extreme changes result from the self-focusing of the laser beam 
at larger values of y. Figure 6.38 shows support for this idea found in X-ray pinhole images 
for several focal spot locations. The pinhole camera was located at θ=40º (Figure 6.21), 
meaning it viewed the plasma 50º from orthogonal to the laser propagation direction. The 
plasma is not well-defined in the lowest energy region. However, as the filter cut-off energy 
increases, the X-ray emitting regions decrease in size and have sharper edges. Even at 1.4 
keV, we begin to see evidence of self-focusing in the plasma through the lengthening of 
the X-ray emitting region along the laser propagation direction. On the other hand, this 
lengthening is countered by apparent defocusing of the laser as well. On the downstream 
side of the images (right side) in Figure 6.38, the vertical width (on the film) of the emitting 
region is larger, suggesting defocusing of the laser beam in the plasma.  
Y (mm) 0 -0.75 -1.125 -1.5 
FWHM (mm) 0.766 0.288 1.39 1.20 
Table 6.6 Full width at half maximum along the laser beam propagation direction of the 
X-ray emitting regions at 3.5 keV from Figure 6.38.  
The clearest picture in support of some self-focusing is given at 3.5 keV. The vertical 
width of the emitting region has decreased compared to y = 0 mm and the length has 
increased, which is consistent with self-focusing effects. The FWHM of the length of the 
plasma during the focal scan experiments is summarized in Table 6.6 where the length of 
the emitting region has been corrected for the viewing angle of the pinhole camera. A five-
fold increase, compared to y = 0 mm, occurs at y = 1.125 mm and y = 1.5 mm saw a four-
fold increase. The Rayleigh length of the frequency-doubled Titan laser when focused to a 
spot size of ~5 μm is 150 μm, implying high laser intensities over 300 μm. Therefore, we 
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do see evidence of self-focusing at y > -1.125 mm where the X-ray emitting region at least 
doubles the confocal distance (2𝑧𝑅). 
 
Figure 6.38 Xe focal scan pinhole images in the 0.7, 1.4, and 3.5 keV spectral regions 
(left to right). The gas puff propagates out of the page and the white bar in each image 
represents 1.5 mm. 
The hypothesis of laser beam self-focusing in the gas-puff plasmas is consistent with 
the generation of hard X rays and accelerated MeV electrons [30], [61], [62], [70]. Density 
gradients on the edges of the gas puff, as described in Section 5.1.3 provide the index of 
refraction variations necessary for relativistic and ponderomotive self-focusing of the laser 
beam. Laser self-focusing has been enhanced by using 2ω laser radiation [163], so our 
results were influenced by the change from the 1057-nm Leopard laser to the 527-nm Titan 
laser. 
6.2 Ag and Mo X-pinches at 1 MA 
X-pinch experiments were performed at the UNR Physics Department’s 1-MA Zebra 
pulsed-power generator. Experimental setup was similar for each set of experiments and is 
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shown in Figure 6.39; Si-diodes are located at 8 and the PCDs are at 4. The standard Zebra 
configuration (non-LCM) was used to implode Ag and Mo X-pinches. In this orientation, 
the anode-cathode gap is increased to 2 cm and peak current is ~1 MA. The four-wire X-
pinches consisted of differing wire diameters. For Ag, the wires had diameter 30 μm and a 
load mass of 297 μg/cm. The Mo X-pinches used 20.3, 24.4, and 34.8-μm wires, resulting 
in load masses of 132, 191, 388 μg/cm, respectively. The goals of these studies were to 
maximize X-ray emissions and provide a good source for studying spectropolarimetry 
[164], [165]. 
 





Figure 6.40 (a) Size of the X-ray emitting regions as a function of filter cut-off energy for 
Mo and Ag X-pinches. (b) Example of typical X-pinch pinhole images using Shot #4313 
with 191-μg/cm Mo load mass. A denotes anode and K, the cathode. 
X-ray pinhole images of the Ag and Mo X-pinch plasmas are displayed in Figure 6.40. 
The full width half maximum of the images was determined for the central cross point of 
the wires. For each load, the X-ray emitting region size decreases with increasing filter cut-
off energy, similar to the laser-irradiated gas puffs and is as expected. At sufficiently high 
filter energies, the spot size will be nearly point-like [42]. Additionally, we see again that 
the anode side of the load radiates in even the hard X-ray region (> 8.9 keV). This is a 
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consequence of strong electron beam generation in X-pinches. In fact, this electron beam 
is strong enough to produce K-shell spectra from the plasma as well as the anode itself. 
These electron beams even bore holes through the anode which exemplifies their strength 
[81], [84]. Synthetic spectra determined that the anode material was heated to an electron 
temperature of ~100 eV, and so experienced significant heating [164].  
 
Figure 6.41 Implosion time, measured from current start to the first soft X-ray peak (> 0.2 
keV), versus load mass for both Mo and Ag four wire X-pinches. Error bars denoted 
standard deviation. 
Implosion times of 1-MA Ag and Mo X-pinches were also determined and are 
summarized in Figure 6.41. The timing of the first soft X-ray burst (> 0.2 keV) detected by 
an X-ray diode (XRD) with respect to current start defined implosion time. And, as 
expected, it increases with increasing load mass; additional mass must be ablated during 
the pinch, which delays pinch timing. Figure 6.41 further illustrates one of the drawbacks 
for using 1-MA X-pinches as a potential backlighter. The uncertainty of implosion time 
measurements is quite large. On smaller pulsed-power machines, the pinch timing of X-
pinches is reliable and singular X-ray pulses are produced, which makes for a good 
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backlighter. On the 1-MA Zebra, when attempting to maximize X-ray yield, shot-to-shot 
variation in pulse shape and implosion timing unfortunately increases. 
As measured by each of our time-resolved diagnostics (Si-diodes, PCDs, and XRDs), 
X-ray emissions from Ag and Mo X-pinches are either singular or contain multiple pulses. 
Shot #4590, Figure 6.42, gives a good example of the single X-ray pulse regime of the 1-
MA X-pinch. In it, we do observe a small X-ray signal from a pre-plasma formed before 
the main implosion burst. Single pulses are only observed for around ~30% of 1-MA X-
pinch shots and indicate optimization of the load mass for imploding on Zebra. Especially 
with Ag X-pinches, this optimization of the load can take many shots; hence, the low 
percentage of the single pulse regime. PCDs 2 and 3 observed the plasma at orthogonal 
angles and signals with only cut-off energies are from Si-diodes. 
On the other hand, Shot #4305, Figure 6.43a, demonstrates the more ubiquitous 
temporal evolution of X-ray emissions when trying to optimize a load for the Zebra 
machine. We see multiple X-ray bursts over 20-50 ns in each observed spectral region 
(detailed in the graph). The pulses within the broader emission last from 5-20 ns. Si-diode 
signals especially at 9 keV show elongated emissions, possibly due to electron beam 
interactions with the plasma. This multi-pulse regime indicates the load is not optimized 
for the Zebra machine and is supported by the first emission burst taking place well before 




Figure 6.42 Current and X-ray emission variations in time for Shot #4590, an optimized, 
lighter (132 μg/cm) Mo X-pinch.  
 
Figure 6.43 (a) Current and X-ray emission variations in time for Shot #4305, a Ag X-




Shadowgraphy images are shown in Figure 6.43b and Figure 6.44 give a good range of 
phenomena observed in X-pinch plasmas. The second frame of each set of images is taken 
5 ns after the first. First, please refer to Figure 6.44a, which has the earliest images at ~20 
ns after current start. These images are taken before the main X-ray burst occurrence. A 
well-collimated plasma jet spans the anode-cathode gap between the four wires of the X-
pinch. In the Figure 6.44a, near the cathode side, sausage and kink magnetohydrodynamic 
instabilities are evident in the plasma jet and indicate the presence of strong magnetic 
fields. Also, in the later image of Figure 6.44a, more plasma jets are formed, streaming 
from the outer wires due to the 𝐽 × ?⃑⃑? force that is directed radially inward. 
 
Figure 6.44 Shadowgraphy images were taken (a) before and (b) after the main X-ray 
burst of two Mo X-pinch shots. 
Moving later along the current trace, the shadowgraphy images in Figure 6.43b were 
taken during peak X-ray emission. The plasma jet is still observed, although the wires have 
ablated and expanded in size to begin to block it from view. More jets perpendicular to the 
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anode-cathode gap and near the central cross-point have begun to form. Finally, the 
separation of the two X-pinch halves occur after the main X-ray emissions, Figure 6.44b. 
This indicates that a micro Z-pinch, commonly observed in X-pinches [42] has occurred. 
The gap created in the plasma between the anode and cathode is a region of extremely high 
fields that can accelerate electrons to many keV. 
 
Figure 6.45 Coefficient of conversion for Ag and Mo 1-MA X-pinches in two spectral 
regions. Error bars indicate standard deviation. 
As with the laser-gas puff plasmas, the coefficient of conversion of X-pinches is 
calculated. PCDs were two filter cut-off energies (1.4 and 2.4 keV) were implemented and 
their conversion coefficients are given in Figure 6.45. This coefficient of conversion is 
slightly different to the one defined earlier. In this case, the energy emitted by the plasma 
is normalized by electrical energy expenditure, i.e. the energy stored in the capacitors for 
the shot (150 kJ), rather than laser energy. For the 1-MA X-pinches, conversion efficiency 
was generally < 0.07% (1.4 keV) and <0.04% (2.4 keV). Because plasmas radiate more at 
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higher wavelengths, it is logical that the conversion is more efficient at lower energies. L-
shell Ag lines reside at around 3 keV whereas L-shell Mo lines lie around 2.4 keV. This 
implies that the filter cut-off energy is right on the cusp of detecting Mo Lα (2.3 keV) and 
Lβ (2.4 keV). The error bars suggest that measurements at 2.4 keV are more consistent than 
those at 1.4 keV. 
6.3 Comparison of Laser-irradiated Gas-puff and X-pinch Plasmas as X-
ray and Electron Sources 
Titan laser-irradiated gas-puff plasmas are compared to that produced in the 1-MA Ag 
and Mo X-pinches. Specifically, total X-ray yield, repetition rate, and a general discussion 
of their differences is presented. To put the comparisons in context, it is necessary to 
explain some applications of the two sources. X-ray effects testing and X-ray backlighting 
are the two main directions where both sources are viable test beds. X-pinches, as 
mentioned earlier, are popular choices for backlighting other dense plasmas [42]–[44], 
[83]. The temporal and spatial structure as well as the flux of the X-ray emissions 
determines the efficacy of a source for use in backlighting applications. X-ray effects 
testing investigates how X-ray radiation alters materials or other test objects. This testing 
is a function of total X-ray yield and is relatively insensitive to temporal variations in the 
radiation dose. 
First, let us address the issue of debris from the plasma. As is well known, X-ray 
radiation produced with laser pulses often creates high-energy particulate debris that can 
damage surround equipment and test objects. The debris levels of X-ray sources must be a 
consideration for both X-ray backlighting and effects testing because debris could disrupt 
both types of experiment and introduce large errors. The laser-irradiated gas puff has been 
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touted as a debris-free source of radiation and our experiments conclusively show this. 
Thin metal foils (several-microns thick) were placed near the laser focal spot, 1-2 cm away 
from the puff. On these foils, only thermal and ion debris was detected and no holes from 
solid fragments or liquid droplets, typically generated by solid targets [2], [166]. Therefore, 
it can be concluded that the laser-irradiated gas puffs produce radiation free of damaging 
debris, unlike X-pinches and pulsed-power plasmas in general, which create highly 
energetic debris.  
During X-pinch experiments at the Zebra machine, sensitive diagnostics like the PCDs, 
Si-diodes, and spectrometers are placed at least 1 m from TCC and their filters must be 
changed every few shots. Any diagnostics within 30 cm are robustly designed to withstand 
the high energy projectiles produced in the pinch. The machine’s target chamber must be 
clear of any debris from wire weights or the diagnostics for each shot and must be cleaned 
thoroughly every few shots due to material build-up on the electrodes. Laser-irradiated gas 
puffs do not require the same level of target chamber cleanliness as the main energy is only 
deposited on the target. 
The repetition rates of the two X-ray sources is mainly limited by the laser or machine 
being used. In the case of laser-irradiated gas puffs, the gas valve can operate at frequencies 
on the order of kHz to even MHz with the correct circuit. However, the typical gas delay 
timings used in this work was 1 ms and gas is present in the gas puff region until removed 
by the vacuum pump. For sufficiently high pumping rates, this gives a laser-ready gas puff 
a repetition rate of <1 kHz. High-powered laser systems like the Leopard and Titan lasers 
have shot rates that are limited by the cooling of their optical and electrical components. 
The maximum shot rate is generally once every half hour. Hence, laser-irradiated gas puff 
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sources are limited by the laser itself if maximum laser energy and intensity are desired. 
The repetition rate of lasers can be increased by decreasing pulse energy or intensity; 
however, this would enter a different regime of laser-gas puff interactions and within the 
scope of this work. 
In the case of X-pinch repetition rates, there are two main considerations: load 
installment and machine cooling. Unlike the gas puff, X-pinches require venting of the 
chamber up to air to install a new load for the next shot. This process, including venting, 
load replacement, and pump down, can be accomplished between 45-90 minutes depending 
on the speed of pumping and venting which is slowed when especially thin filters or wires 
are used in the shot. The Zebra machine itself operates at similar time scales to Leopard 
and Titan and shots can be taken every half hour.  
Temporally and spatially, laser-produced X-ray sources are generally more consistent 
than X-pinches where high energy yield is desired. As demonstrated in Section 6.2, the X-
pinches examined in these experiments had a large range of implosion times and produced 
radiation from multiple sources over several millimeters. For laser plasmas, both the laser 
focal spot and pulse time are well-defined and reproducible, which is ideal for X-ray 
backlighting, which necessitates control over the timing of the emission pulse. On the other 
hand, this control is not needed for X-ray effects testing; that is generally a time-integrated 
measurement and, therefore, the reduction of the temporal variations of incident X-ray 
radiation is not critical.  
Next, the total X-ray yield of the two sources varies significantly. The total X-ray yield 
of the X-pinches in this study ranges from 1-15 kJ over a wide spectral region (0.1-6 keV). 
The laser-irradiated gas puffs, on the other hand, produce only mJ of energy (> 2.4 keV). 
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X-pinches have much larger radiation yields, making them intense sources of radiation for 
both X-ray effects testing and backlighting. However, this comes with a lot of debris, as 
discussed earlier. In order to get intense radiation from the laser-irradiated gas puffs which 
lack the debris and strength of the X-pinch plasmas, X-ray focusing optics can be used. 
Examples of which are multilayer mirrors and glass capillary optics [167]. Finally, both 
laser-irradiated gas puffs and X-pinches provide many choices of target or load material. 
This allows for the tuning of the spectral region of the X-ray emissions. Characteristic line 
radiation tends to give the most intense emission and varies with material used to produce 
the plasmas. 
7 Conclusion 
This dissertation focused on the experimental study of laser-irradiated clustered noble 
gas-puff plasmas and how they compare to another common plasma source, the X-pinch. 
Characterization of the gas puff was performed using optical interferometry and Rayleigh 
scattering techniques. Laser-irradiated gas puff experiments on both the UNR Leopard 
laser and LLNL Titan laser explored the influence of laser beam and gas-puff properties 
on X-ray and electron emissions. A total of seven gases served as gas-puff targets: Ar, Kr, 
Xe, two mixtures of Kr and Ar, and two mixtures of Xe, Kr, and Ar (summarized in Table 
4.1). X-pinch experiments were performed at the UNR Zebra machine with 1-MA Ag and 
Mo four-wire X-pinches of varying load mass. Ultimately, the goals of this study were to 
compare the laser-irradiated gas-puff and X-pinch plasmas as X-ray sources and to 
determine how gas-puff parameters affect plasma conditions. 
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Chapter 5 discussed the characterization of neutral gas puff using interferometry and 
Rayleigh scattering. Note that characterization experiments are done on neutral, non-
irradiated gas puffs. Three nozzles were used to produce the gas puffs: linear, conical, and 
tube. Interferometric measurements produced line-integrated density data that were then 
converted to average density. The conical gas puffs had an average density on the order of 
1018 cm-3 while the linear and tube gas puffs were much denser at >1019 cm-3 with Ar gas 
producing the densest puffs. A more detailed study was made of the linear nozzle. It was 
shown that increasing gas valve backing pressure also increased gas-puff density, with a 
modicum of control introduced by variation of the gas delay timing, i.e. the time between 
gas-puff initialization and laser interaction with the pulse. Gas density decreases with z, 
the distance from the nozzle exit. Finally, analysis of the interferograms demonstrated large 
density gradients were present at the edges of the gas puff, an important discovery for later 
results. 
Rayleigh scattering results were also discussed in Chapter 5 and detect the presence 
and size of clusters within the gas puffs. Both the linear and conical nozzles formed 
clusters, while the tube nozzle did not. Cluster size was not able to be determined for the 
conical gas puff; however, the strength of the Rayleigh scattering signal was seen to 
increase with gas valve backing pressure and did vary with gas delay timing as well. Again, 
more detailed analysis was performed on the linear gas puffs. In contrast to gas-puff 
density, cluster size increases with z. In fact, Xe gas produced the largest clusters with radii 
of >200 Å and Kr gas has the smallest (70 Å) clusters. 
In Chapter 6, the plasma experiments were detailed, beginning in Section 6.1 with laser 
irradiation of the gas puffs for plasma creation. Molecular dynamics modelling (performed 
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by colleagues at the Naval Research Laboratory) of Ar, Kr, and Xe cluster interaction with 
a 350-fs laser pulse suggests that the clusters only survive for the first 100 fs of the pulse. 
However, X-ray emissions from the laser-irradiated subsonic gas puff, i.e. tube nozzle with 
no cluster formation, and the supersonic linear gas puff were stronger for the gas puff with 
cluster formation. This indicates that, even though short-lived, the clusters have a large 
influence on plasma production. The position of the laser focal spot was moved away from 
the exit of the nozzle, producing weaker X-ray radiation. Therefore, optimum gas-puff 
density and cluster radius was produced at z = 1 mm. Laser pulse properties such as pulse 
length and contrast (Sections 6.1.4 and 6.1.5) were also shown to affect the magnitude of 
X-ray emissions. However, reduction of the laser pulse contrast did not negatively impact 
X-ray yield contrary to expectations that the laser pre-pulse would ionize and destroy the 
clusters prematurely.  
X-ray and electron emissions from the laser-irradiated gas puffs created by the Leopard 
and Titan lasers were also compared. First and foremost, further studies demonstrated that 
Ar gas in the mixtures (whether with Ar and Kr or Ar, Kr, and Xe) does not form into 
clusters, yet Kr does, as inferred from X-ray spectra. The coefficient of conversion of laser 
energy to X-rays >2.4 keV was found to be as good as 0.1%. In moving experiments from 
Leopard to the more powerful Titan, it was observed that the gas mixtures, having been the 
strongest X-ray radiators compared to their pure constituents, produced lower X-ray 
emissions than the pure gases. This difference could be attributed to differences in laser 
wavelength and pulse duration of the two lasers. Images of the X-ray emitting regions of 
all tested gases and at both lasers indicated a non-uniform temperature with a hot core at 
the center of the plasma. Strong K-shell Ar and L-shell Kr radiation were observed in both 
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pure gases and mixtures. Although, only the Ar “cold” Kα is seen K-shell Ar spectra in the 
mixtures. High-energy (>300 keV) electron beams were consistently observed in the Titan 
laser experiments only for pure Ar and the 15Kr85Ar mixed gas puffs, though low-energy 
electrons (>72 keV) were present in all linear gas puffs. 
Strong anisotropy in both X-ray and electron emissions was observed at the Leopard 
and Titan facilities. It was shown that this anisotropy is not due to laser beam polarization 
or anisotropic gas distribution in the linear nozzle. At the Titan laser, the degree of 
anisotropy was independent of gas-puff parameters and was greater at higher X-ray 
energies. Finally, the laser focus spot was scanned toward the front edge of the Xe gas 
puffs. Focusing the laser beam at the front edge of the gas puff produced a drastic increase 
in X-ray conversion efficiency that reached the level achieved in solid targets. 
Additionally, the first >1 MeV electrons of the experiments were detected and found to 
have a Maxwellian temperature of 1.5 MeV. 
Results from X-pinch experiments were detailed in Section 6.2, where 1-MA Ag and 
Mo four-wire X-pinches were fielded on the Zebra machine. Average time to implosion 
lengthened with increasing load mass, but the spread in the timings was quite large, 
indicating the X-ray burst timings are difficult to predict for these configurations. The 
temporal structure of the X-ray bursts was investigated. Pinhole images showed that 
radiation was emitted primarily from the central cross-point of the wires as well as from 
the anode side of the load. Shadowgraphy images captured the general temporal evolution 
of the X-pinch. Conversion of stored capacitor energy to X-rays >1.4 and 2.4 keV were 
determined and showed the conversion was more efficient at the lower cut-off energy. 
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Finally, a comparison of the laser-irradiated gas-puff and 1-MA X-pinch plasmas as X-
ray sources was made in Section 6.3. Advantages of laser-irradiated gas puffs include a 
lack of damaging debris, and ease of control. Its main disadvantage is a relatively low total 
energy yield (~mJ). X-pinches, on the other hand, produced kJ of energy in a broad spectral 
region. However, they create a large amount of debris and, at 1 MA, have hard-to-predict 
implosion times. These considerations were put in the context of using the two X-ray 
sources for X-ray backlighting or effects testing applications. 
Future work with the neutral gas puffs should include investigations into cluster 
formation such as Mie scattering to determine the actual mass fraction of atoms that are 
contained within clusters. This would lead to a more accurate cluster size calculation and 
could provide further evidence of the inefficient clustering of Ar in the mixed gas puffs. 
Additional work on laser-gas puff interactions should also be conducting. A more thorough 
study of laser pulse contrast effects on X-ray emissions can be conducted at the Leopard 
Laser, where the contrast can be made to span several orders of magnitude. Laser back 
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A. Symbols and Abbreviations 
Important Symbols and Constants 
c - speed of light, 2.997x108 m/s 
e - charge of an electron, 1.6x10 - 19 C 
E - electric field 
Ilas/Ipeak - laser intensity 
Ip - ionization potential 
Ipre - laser pre - pulse intensity 
K - laser pulse contrast 
k - Gladstone-Dale constant 
L - line - integrated density 
M - atomic mass 
me - mass of an electron, 9.11x10
31 kg 
n' - index of refraction 
N - average density 
Nc - number of atoms in cluster 
ne - electron density 
Rc - radius of cluster 
T - temperature 
Up - ponderomotive potential 
x - scattering parameter 
Z - atomic number 
zR - Rayleigh range 
α - laser absorption 
Γ* - Hagena parameter 
γ - Lorentz factor 
γk - Keldysh parameter 
ε - coefficient of conversion 
ε0 - permittivity of free space, 8.85x10
 - 
12F/m 
η - fraction of atoms in cluster 
λ - wavelength 
μ0 - permeability of free space,  
1.26x10 – 6 NA-2 
σ - cross - section 
τc - cluster lifetime 
ω - laser frequency 
ωp - plasma frequency 
Abbreviations 
BSI - Barrier suppression ionization 
DG - delay generator 
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EPPS - electron proton positron spectrometer 
FWHM - full width at half maximum 
HED - High energy density physics 
(I)CCD - (intensified) charge-coupled device 
IP - image plate 
JLF - Jupiter Laser Facility 
LCM - load current multiplier 
LLNL - Lawrence Livermore National Laboratory 
LTE - local thermodynamic equilibrium 
NIF - National Ignition Facility 
NTF - Nevada Terawatt Facility 
OAP - off-axis parabola 
OFI - optical field ionization 
PCD - photoconducting diamond detector 
PPDL – Plasma Physics and Diagnostics Laboratory 
PSL - photostimulated luminescence 
PS - power supply 
RS - Rayleigh scattering 
Si-diode - silicon diode 
TCC - target chamber center 




B. Interferometry Analysis 




)∫(𝑛 − 1)𝑑𝑙, 
Equation B.1 
where λ is the probing laser wavelength, n is the index of refraction of gas, and ∆ϕ is the 
measured phase shift. The Gladstone-Dale relationship relates the index of refraction of a 
neutral gas to its density using the Gladstone-Dale constant k and can be substituted into 
the above equation resulting in 





where M is the atomic mass of the gas, N is the density of the gas, and the line-integrated 
density is 𝐿 = ∫𝑁𝑑𝑙 with the integral performed along the path of the laser through the 
gas. For Ar, k=0.157 cm3/g at 532 nm. Now, once the phase shift of a gas puff is measured, 
it becomes simple to convert it into line-integrated density [cm-2]. 
The line-integrated density of the gas puff can be determined graphically; an example 
of which is shown in Figure A.1. The phase shift produces a bend in the fringes in the 
presence of the gas puff; that shift (black line) can then be measured with respect to 
reference fringes (white line) where no gas is present. The difference in phase between a 
dark fringe (deconstructive interference) and a light fringe (constructive interference). 
Therefore, a fringe shift of 1.5 indicates a phase shift of 3π. This can then be converted to 
density using the method described in Section 4.4.1where, for Ar, the line-integrated 







Figure A.1 Low-frequency interferograms of a gas puff. A fringe shift of 1.5 with respect 
to references fringes is indicated. 
However, more efficient means of processing data necessitate high frequency fringes, 
like those shown in Figure 4.10 to implement a Fourier-transform method. Takeda first 
introduced a Fourier-transform method to analyze interferometric fringe patterns for digital 
images [168]. We assume that a captured interferogram has the form 
𝑔(𝑥, 𝑦) = 𝑎(𝑥, 𝑦) + 𝑏(𝑥, 𝑦) cos[2𝜋𝑓0𝑥 + 𝜙(𝑥, 𝑦)] ,  
Equation B.3 
where ϕ(x,y) carries the phase information, a(x,y) and b(x,y) are unwanted irradiance 
variations caused by the nonuniformity of light on the detecting surface, and f0 denotes the 
spatial-carrier frequency or the tilt of the wave fronts. Takeda developed a method to set 
the tilt deliberately instead of the usual zero. The introduction of a constant tilt to the 
interferograms evenly spaces the fringes, facilitating analysis by computer program and 
giving the ability to use Fourier-analysis methods to calculate the phase shift. A distinction 
between positive and negative phase shifts can also be made due to the tilt of the fringes. 
 In References [169] and [170], the technique introduced by Takeda was expanded 
to use a two-dimensional Fourier transform. Most of the derivation remains the same for 
the 1D and 2D cases. Hence, the 1D case will be shown with changes for 2D noted were 
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appropriate. Continuing the derivation, the cos term in Equation B.3 can, of course, be 
written as a sum of exponentials so that 
𝑔(𝑥, 𝑦) = 𝑎(𝑥, 𝑦) + 𝑐(𝑥, 𝑦) exp(2𝜋𝑓0𝑥) + 𝑐






𝑏(𝑥, 𝑦) exp[𝑖𝜙(𝑥, 𝑦)], 
Equation B.5 
with * indicating the complex conjugate. Then, a Fourier transform of g(x,y) with respect 
to x is performed, yielding 
𝐺(𝑓, 𝑦) = 𝐴(𝑓, 𝑦) + 𝐶(𝑓 − 𝑓0, 𝑦) + 𝐶
∗(𝑓 + 𝑓0, 𝑦). 
Equation B.6 
As long as the carrier frequency fo is large enough, the spatial variations of a(x,y), 
b(x,y), and ϕ(x,y) will fall out and G(f,y) should be a trimodal function, as shown in Figure 
A.2b, with defined peaks at zero and ±fo. The contribution of A(f,y) is easily removed by 
using a filter centered at f0, then shifting the remaining distribution back to zero and 
performing the inverse Fourier transform. Ultimately yielding the phase information: 
𝜙(𝑥, 𝑦) = tan−1{𝑅𝑒[𝑐(𝑥, 𝑦)]/𝐼𝑚[𝑐(𝑥, 𝑦)]}. 
Equation B.7 
Note that the shift by f0 of the function back to zero necessitates knowledge of the carrier 
frequency. For the 2D case, f0x and f0y, the two carrier frequencies must both be set high. 
The analysis for 2D then simply uses a 2D Fourier transform and filters for both frequencies 
must be implemented. 
A lineout of raw data from the camera is shown in Figure A.2 along with its Fourier 
transform. Variations in the intensity not due to fringe interference are physical 
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manifestations of the coefficients a(x,y) and b(x,y). Therefore, two images must be taken 
for each experimental shot with the interferometer. The first frame acts as the background 
image, with no gas present in the vacuum chamber. The puff is created, then the second 
image captures the interference pattern due to the gas puff. In this way, the common 
variations can be subtracted out, leaving only the phase shift due to the gas puff. The 
interferometry data analysis is performed with a program developed by Dr. John Moschella 
of Hy-tech processes the interferograms and outputs 2D phase and line-integrated density 
data.  
 




C. Rayleigh Scattering Analysis 











where R is the size of the particle, λ is the wavelength of the laser, and n is the index of 
refraction of the particle, all in cgs units. It can also be determined from first principles 
with relative ease.  
To begin, let us first derive the intensity of light scattered due a single particle. As 
stated in Section 4.4.2, an atom undergoing RS acts as an electric dipole. Therefore, the 







where ε0 is the permittivity of free space, c is the speed of light, and 𝐸𝑠⃑⃑⃑⃑ (𝑟, 𝜑) is the electric 
field of the induced dipole 





𝐸𝑠⃑⃑⃑⃑ (𝑟, 𝜑) depends on the laser oscillation frequency ω, the distance from the scattering 
object r, the observation angle φ, and the magnitude of the dipole moment ?⃑?. This dipole 
moment ?⃑? induced by the electric field of a laser is, of course,  




where 𝑝 and the laser’s electric field 𝐸𝑙⃑⃑⃑⃑  are parallel and proportional via the polarizability 
α. Substituting the equations for ?⃑? and 𝐸𝑠⃑⃑⃑⃑ (𝑟, 𝜑) into Equation C.2 gives the intensity of 



























The Lorentz-Lorentz equation can then be used to relate polarizability to the index of 











where N is the number density of the of the gas [173]. Note that this equation is the same 
as Equation C.1 if we set 𝑁 =
3
4𝜋𝑅3
 for a single particle is doing the scattering. Thus, we 





 the scattering cross-section for a monomer, i.e. a gas atom not bound 
in a cluster. 
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. The atoms bound in a cluster oscillate in phase and 
produce coherent radiation in the scattering process. So, the polarizability of the clusters 
αc is a linear function of the Nc monomers contained in the cluster: 𝛼𝐶 = 𝑁𝐶𝛼𝑚. The 




Comparing this to the signal from the monomers in the puff (𝑆𝑚 = 𝐶𝐼𝑙𝑛𝑚𝜎𝑚), the signal 
from the clusters will dominate due to the 𝑁𝐶
2, i.e. R6, dependence of the scattering signal. 
The total scattering signal of the gas puff Sg will be a combination of scattered light 
from both monomers and clusters: 
𝑆 = 𝑆𝐶 + 𝑆𝑚 =  𝐶𝐼𝑙𝑛𝐶𝑁𝐶
2𝜎𝑚 + 𝐶𝐼𝑙𝑛𝑚𝜎𝑚 
= 𝐶𝐼𝑙𝜎𝑚(𝑛𝐶𝑁𝐶
2 + 𝑛𝑚). 
Equation C.10 
The coefficient 𝐶𝐼𝑙𝜎𝑚, or the calibration constant, was kept a constant for all RS shots by 
maintaining detector solid angles and laser power. The vacuum chamber is filled with 







When clusters are formed in the gas puff, cluster formation is not complete, and some 
gas atoms remain as monomers. The fraction of atoms bound in clusters is denoted by the 
letter η where a value of 1 indicates full condensation of the gas puff. Then, the scattering 






𝑛[(1 − 𝜂) + 𝜂𝑁𝐶], 
Equation C.12 
where n is the average density of the gas puff as measured by interferometry. NC for these 















D. Electron Spectra Analysis 
The following is the ImageJ plugin created by the author to analysis digital electron 
spectra from the EPPS. First, regions of interest (ROIs) for the background and electron 
signal are chosen by the user, taking care to avoid selecting the edges of the signal. Then, 
both regions are converted to PSL units (using Equation 4.6.4) and averaged over the ROI. 
Finally, the background is subtracted from the real signal and the data is output as both a 
graph and tabulated text file. The resulting data are then corrected for time degradation 













starty = 124; 
endx = 900; 
endy = 140; 
 
height = endy-starty; 






bgheight = 15; 
 
lineout = newArray(length); 
background = newArray(length); 
corrected = newArray(length); 
 
///For each x value in Background, convert to PSL and average vertically along signal/// 
 
for(i=0; i<background.length; i++) 
 { 
 bgsum = 0; 
 for(j=0; j<bgheight; j++) 
  { 
  ///////////////////Convert to PSL FIRST//////////////////////////////// 
  bgpsl=pow(10,5*((getPixel(bgx+i,bgy+j)/(pow(2,16)-1)-0.5))); 
  bgsum=bgsum+bgpsl; 





///For each x value in ROI, convert to PSL and add vertically along signal/// 
 
for(i=0; i<lineout.length; i++) 
 { 
 sum = 0; 
 for(j=0; j<height; j++) 
  { 
  ///////////////////Convert to PSL FIRST//////////////////////////////// 
  psl=pow(10,5*((getPixel(startx+i,starty+j)/(pow(2,16)-1)-0.5))); 
  sum=sum+psl; 
  //print(i,j,getPixel(startx+i,starty+j),sum); 






//Substract Background from Signal// 
 
for(i=0; i<corrected.length; i++) 
 corrected[i]=lineout[i]-background[i]; 
 
//Produce Signal Data// 
 
Plot.create("Signal","Pixel","Intensity", lineout); 
makeRectangle(startx, starty, length, height); 
 
//Produce Background Data// 
 
Plot.create("Background","Pixel","Intensity", background); 
makeRectangle(bgx, bgy, length, bgheight); 
 
//Produce Corrected Data// 
Plot.create("Corrected","Pixel","Intensity", corrected); 
makeRectangle(startx, starty, length, height); 
 
///////Program End/////// 
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